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The  International  Conferences  of  Defects  in  Semiconductors  are  the  leading  international  meetings  for  reporting  advances  in 
understanding  and  controlling  the  properties  of  semiconductor  materials.  The  meetings  have  a  special  emphasis  on  the 
behaviour  of  impurities  and  other  defects  which  are  found  in  the  semiconductors,  including  those  generated  during  the 
processing.  The  meetings  are  the  most  important  gathering  for  academic  and  industrial  researchers  working  on  the  subject, 
and  the  discussion  of  current  issues  at  this  meeting  greatly  influences  the  course  of  the  field. 

The  Conferences  are  held  every  two  years.  The  last  three  meetings  have  been  held  in  the  USA  in  1991 ,  in  Austria  1993,  and 
in  Japan  in  1995. 

This  meeting  will  take  place  at  University  of  Aveiro  in  Portugal,  from  21  to  25  of  July  1997.  The  co-chairs  will  be  Professor 
Helena  Nazare  from  the  Physics  Department  of  Aveiro  University  and  Professor  Gordon  Davies  from  the  Physics  Depart¬ 
ment  of  King’College  London.  The  Physics  Department  of  University  of  Aveiro  has  been  chosen  to  host  the  meeting. 


Work  content 

At  each  meeting  there  is  of  course,  a  different  emphasis  in  the  work  presented,  and  at  this  meeting  there  is  a  strong  presence 
of  work  on  the  wide-band  -gap  semiconductors  ( GaN  being  a  key  issue),  with  their  possible  applications  in  high-tempera¬ 
ture  devices  and  optoelectronics.  The  choice  of  topical  sessions  and  of  invited  speakers  emphasizes  current  issues.  Topical 
sessions  are: 

(Monday  2:00  pm- 17:30  pm) 

(Monday  2:00  pm  -17:00  pm) 

(Tuesday  9:10  am -12:30  am,  14:00  pm-  17:00  pm) 

(9:10  am  -  10:50  am) 

(Tuesday  1 1 : 1 0  am  -1 2:30  am ) 

(Tuesday  2:00  pm  -  17:00  pm) 

(Wednesday  9: 10  am  -  1 2:30  am) 

(Wednesday  9: 10  am  -  10:50  am) 

(Wednesday  1 1 :20  am  -  1 2:30  am) 

(Thursday  9: 1 0  am  -1 2:30  am,  1 4:00  pm  -  1 7:30  pm) 

(Thursday  9:10  am  -  12:30  am) 

(Thursday  1 4:00  pm  -  17:30  pm) 

(Friday  9: 10  am  -  12:30  am) 

(Friday  9: 10  am  -  12:30  am) 


Hydrogen 
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Technical  Programme 

The  programme  consists  of  one  plenary  session,  followed  by  parallel  sessions  plus  2  poster  sessions.  In  these  sessions  we 
have  planned  for  the  presentation  of  3  plenary  lectures,  19  invited  papers,  78  contributed  papers  and  200  posters.  Plenary 
papers  will  be  alloted  50  minutes  for  presentation,  invited  and  contributed  papers  will  be  alloted  40  and  20  minutes  respec¬ 
tively.  All  these  times  include  5  to  10  minutes  discussion. 

Conference  Proceedings 

Proceedings  will  be  published  in  Material  Science  Forum  Series  of  TransTec  Publication 

Conference  facilities 

The  meeting  will  be  held  in  Aveiro  Cultural  and  Conference  Centre.  This  is  a  modem  building  with  Conference  facilities, 
space  for  Poster  Display  and  an  exhibition  area  where  companies  can  display  their  products.  This  is  located  in  the  City 
Centre  at  walking  distance  from  the  University  Campus  (10  minutes)  and  from  the  Hotels.  Student-style  accomodation  is 
available  at  the  University  Campus  and  block  bookings  have  been  made  at  some  of  the  many  Hotels  within  walking  distance. 
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SULA  TECHNOLOGIES 

P.O.  Box  963 
Ashland,  OR  97520 
USA 

Contact:  Dr.  Darwin  Thusius 
Telephone:  (541)552-0140 
FAX:  (541)552-0139 

Sula  Technologies  develops,  manufactures,  and  markets  instrumentation  for  Deep  Level  Transient  Spectroscopy  (DLTS). 
During  our  fifteen  years  of  experience  in  this  area,  we  have  delivered  equipment  ranging  from  basic  modules  —  such  as  our 
Fast  Capacitance  Meter  —  to  turn-key  spectrometers  with  cryogenics  and  software.  In  addition  to  conventional  DLTS,  we 
offer  variant  options  such  as  Double  Correlation  DLTS  (DDLTS),  Constant  Capacitance  DLTS  (CCDLTS),  combined  CCDLTS/ 
DDLTS,  Current  Transient  Spectroscopy  (CTS),  Charge  Transient  Spectroscopy  (QTS),  and  Multiple  Correlation.  High 
performance  instruments,  custom  configurations,  techinical  expertise,  and  cost-effective  prices  make  our  products  extremely 
competitive  on  a  worldwide  basis.  Scores  of  research  scientists  in  industry,  government,  and  academia  have  in  fact  chosen 
Sula  Technologies  as  their  source  of  sensitive  and  reliable  DLTS  equipment. 
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21  JULY  97-MONDAY 

9:15  Welcome 

Plenary  Session  (Room  C) 

Chair-E.Haller 

9:30  Recent  developments  in  understanding  localized 
vibrational  modes  and  Gap  modes  in  compound 
semiconductors. 

R.  Newman,  E.G.  Grosche,  D.A.  Robbie,  R.S. 
Leigh  and  M.J.L.  Sangster 

10:20  Optically  induced  defects  in  Si-H  nanoparticles. 

R. J.Baierle,  MJ.Caldas,  E.Molinari  and 

S. Ossicini 

11:10  COFFEE  BREAK 
1 1 :30  Defects  and  doping  in  III-V  nitrides. 

Chris  G.Van  de  Walk 
12:20  LUNCH 

HYDROGEN  1  (RoomC)  •  Chair:  B,  Bech  Nielsen 
14:00  INVITED  -  Hydrogen  molecule  in  crystalline 
silicon. 

M.Kitajima,  K.Ishioka,  K.G.  Nakamura,  N. 
Fukata,  K.  Murakami,  J.  Kikuchi  and  S. 
Fujimura. 


14:40  Formation  and  structure  of  hydrogen  molecules 
in  crystalline  silicon. 

A.W.R.Leitch  V.Alex  and  J.Weber 


15:00  Low  temperature  migration  of  hydrogen  in 
silicon:  interaction  with  oxygen. 

K.Bonde  Nielsen  B.Bech  Nielsen  and  J.Hansen 
15:20  Vibrational  absorption  from  oxygen-hydrogen 
(Oi-H2)  complexes  in  hydrogenated  CZ  silicon. 
R.E, Pritchard  M.J.Ashwin,  R.C.Newman,  J.H. 
Tucker,  E.C.Lightowlers,  M.J.Binns,  R.Falster 
and  S.A.McQuaid 
15:40  COFFEE  BREAK 

HYDROGEN  2.  (RoomC)  •  ChainJ.Weber 

16:00  INVITED-STM  nanofabrication  and  deuterium 
post  metal  annealing  of  mosfets  for  improved  hot 
carrier  mobility. 

J.W.  Lyding,  Karl  Hess  and  I.C.  Kizilyalli 


II-VI  SEMICONDUCTORS  1  (RoomD)  •  Chair: 

14:00  Defect  structures  in  heavily  In  doped  II-VI 
semiconductors. 

V.Ostheimer,  T.Filz,  J.Hamann,  St.Lauer, 

D.  Weber,  H.Wolf  and  Wichert 
14:20  Compensation  of  donors  by  fast  diffusors  in  II-VI 
compounds: model  and  experimental  evidences 
for  Cu  doped  CdS. 

U.V.Desnica,  I.D.Desnica-Frankovic,  R.Magerle, 

A. Burchard  and  M.Deicher 

14:40  Microscopic  properties  of  N  implanted  into 
ZnSe. 

KMarbach,  M.  Fullgrabe,  M.Heemeier, 

B. Ittermann,  F.Kroll,  F.Mai,  P.Meier,  D.Peters, 
H.Thiess,  Ackermann,  H.J.Stockmann,  WD 
Zeitz,  H.  Wenisch,  D.Hommel. 

15:00  INVITED-Anion-site  vacancies:donor  and 
acceptorlike  defects. 

J.Chadi 


15:40  COFFEE  BREAK 

II-VI  SEMICONDUCTORS  2  (RoomD)  • 
Chair:W.Carlos 

16:00  Characterization  of  II-VI  semiconductors  by 

positron  lifetime  spectroscopy  with  in  situ  optical 
excitation. 

G.Tessaro  and  PMascher 
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16:20  NMR  Study  of  carrier  states  and  trapping 
complexes  in  the  transparent  conductor 
ZnOiMIIL 
W.W.mrrenJr,  N.Roberts,  R-P.Wang  and 
W.SIeight 

16:40  INVITED-Degradation  of  II-VI  laser  diodes. 
Kazushi  Nakano  and  Akira  Ishibashi 


16:40  Hydrogenation  of  copper  related  deep  states  in 
n-type  Si  containing  extended  defects. 
J.Kaniewski,  M.Kaniewska,  L.Omoch, 
T.Sekigouchi  and  K.Sumino 
17:00  The  I  centre:a  hydrogen  related  defect  in  silicon. 

J.  Gower,  G.Davies,  E.C.Lightowlers  and  A.N. 
Safonov 

18:00  POSTER  SESSION  PI  (Room  A) 

22JULY-TUESDAY 
GaAsl  (RoomC)  •  Chair:R.Newman 
9: 1 0  INVITED-Lithium  induced  vacancy  formation 
and  its  effect  on  the  duffusivity  of  lithium  in 
gallium  arsenide. 

H.Gislason,  K.Leosson,  H.Svavarsson, 

K. Saarinen  and  A. Mari 

9:50  Point  defects  after  post-growth  annealing  in 
GaAs  studied  by  positron  annihilation. 
R.Krause-Rehberg,  J.Gebauer,  M.Lausmann 
1 0: 1 0  Defect  control  in  As-rich  GaAs. 

P.Specht,  S.Jeong,  R.Lutz,  M.Luysberg, 

A.Prasad,  H.Sohn,  J.Gebauer  and  E.R.Weber 
10:30  As  antisite-related  defects  detected  by  spin- 
dependent  recombination  in  Si  doped  GaAs 
grown  by  MBE  at  low  temperature. 

K.  Krombrock  and  M.V.B.  Pinheiro 
10:50  COFFEE  BREAK 

GaAs  2  (RoomC)  •  ChainH.Gislason 
11:10  Creation  of  GaAs  antisites  in  GaAs  by  transmuta¬ 
tion  of  radioactive  71  AsAs  to  stable  71  GaAs. 
RMagerle,  A.Burchard,  D.Forkel-Wirth  and 
M.Deicher 


1 1:30  Observation  of  metastable  electron  capture  in  n- 
type  gallium  arsenide  studied  by  optically 
detected  magnetic  resonance. 

K.Krambrock,  M.V.B. Pinheiro,  K.H,Wietzke, 
Niklas  and  J.M.Spaeth 

1 1 :50  Metastable  amourphous  structure  in  ion 
implanted  GaAs. 

l.D.Desnica-Frankovic,  U.VDesnica,  M.Ivanda 
and  T,E.Haynes 


18:00  POSTER  SESSION  PI  (Room  A) 


GROWTH  (Room  D)  •  Chair: PMooney 

9: 1 0  Dislocations  activities  in  bulk  SiGe  alloys. 

I.Yonenaga  and  K.Sumino 
9:30  Electrical  characterisation  of  electron  beam 
induced  defects  in  epitaxially  grown  Si  1  -xGex 
MMamor,  F.D.Auret,  P.N.K.Deenapanray, 
G.Myburg  and  S.A.Goodman 
9:50  Defect  engineering  in  GaN  technology. 

N.N.  Faleev,  W.V.  Lundin,  B.V.  Pushnyi,  A.V. 
Sakharov,  N.M.  Smidt,  V.I.  Ushakov,  A.S.  Usikov 
10:10  INVITED-Defects  in  SiGe 
A.Nylansted  Larsen 


10:50  COFFEE  BREAK 

GERMANIUM  •  Chair:  A.N.  Larsen 
11:10  Isotopic  shifts  of  the  rotational  states  of 
interstitial  oxygen  in  germanium. 

N.Aichele,  U.Gommel,  K.Lassmann,  F.Maier, 
RZeller,  E.E.Haller,  K.M.Itoh,  L.I.Khirunenko, 
V.Shakhovtsov,  B.Pajot,  E.Fogarassy  and 
H.Mussig 

1 1 :30  Deep  level  transient  spectroscopy  combined  with 
perturbed  angular  correlation  on  radioactive  1 1 1 
In  atoms  in  germanium. 

Ch.Zistl,  R.Sielemann,  H.Hasslein,  S.Gall, 
D.Braunig,  J.Bollmann 

1 1 :50  Microscopic  study  of  the  vacancy  and  self- 
interstitial  in  germanium,  by  PAC. 

H.Hasslein,  R.Sielemann  and  Ch.Zistl 
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12:10  ODMR  investigation  of  2.3  MeV  proton 
irardiated  GaAs. 

SA.Goodman,  F.K.Koschnick,  Ch.Weber, 
J.M.Spaeth  and  F.D.Auret 
12:30  LUNCH 

22  JULY —TUESDAY 

GaAs  3  (Room  C)  •  Chair:  J.  Langer 

14:00  INVITED-  Positron  annihilation  and  scanning 
tunneling  microscopy  used  to  characterise  defects 
in  highly  Si-doped  GaAs. 

J.Gebauer,  R.Krause-Rehberg,  C.Domke, 
Ph.Ebert  and  K.Urban 


14:40  Ga  vacancies  as  compensating  centers  in 
homogeneously  or  d-doped  gaAs(Si)  layers. 
TLaine,  K.Saarinen,  P.Hautojarvi,  C.Corbel, 
L.N.Pfeiffer,  P.H.Citrin,  MJ.Ashwin  and 
R.C.Newman 

15:00  Decay  kinetics  of  growth-induced  alignement  of 
the  first  neighbor  shell  of  CaS  in  AlGaAs. 

J.Zhou,  M.Stavola,  J.RZheng,  C.R,Abemathy 
and  S.J.Pearton 

1 5:20  Defects  in  InP  and  InGaAsP  grown  by  He-plasma 
enhanced  molecular  beam  epitaxy. 

H.Pinkney,  BJ.Robinson,  DA.Thompson,  Zhao 
Jie,  S.Junique  and  P.Mascher. 

15:40  COFFEE  BREAK 

GaAs  4  (RoomC)  •  Chair: M.Stavola 

16:00  EL2  induced  enhancement  of  donor-acceptor  pair 
luminescence  in  GaAs. 

VAlex,  J. Weber 

16:20  Detection  and  identification  of  the  EL2 
metastable  state  in  GaAs, 

J.C.Bourgoin 

1 6:40  The  microstucture  of  the  EL2  defect  in  GaAs-A 
different  look  to  former  spin  resonance  data 
F.  Wirbeleit  and  J.R.  Niklas 


12: 10  The  hydrogen  saturated  self-interstitial  in  silicon 
and  germanium. 

M.Budde,  B.Bech  Nielsen,  P.Leary,  J.Goss, 
R.Jones,  P.R.Briddon,  S.Oberg  and  S.J.Breuer 
12:30  LUNCH 


LOW  DIMENSIONAL  STRUCTURES  I 
(Room  D)  •  Chair: 

14:00  Defect  related  recombination  processes  in  low¬ 
dimensional  structures  of  ZnCdSe/ZnSe,  CdTe/ 
CdMnTe  and  GaAs/ AlGaAs, 

M.Godlewski,  D.Hommel,  T.Wojtowicz, 
G.Karczewski,  J.Kossut,  K.Reginski, 

M.Bugajski,  J.P.Bergman  and  B.Monemar 
14:20  Se  and  ZnSeS  Epilayers  by  DLTS  and  admittance 
spectroscopy. 

I.H.Hauksson,  D.Seghier,  H.P.Gislason, 

K.A.Prior  and  B.C.Cavenett 
1 4:40  Acceptor  states  in  boron  doped  SiGe  quantum 
wells. 

M.S.Kagan  I.V.Altukov,  K.A.Korolev,  d.V.Orlov, 
V.P.Sinis,  S.G.Tomas,  K.L.Wang,  K.Schmalz  and 

I. N.Yassievich. 

15:00  Array  of  nanoholes  on  a  silicon  surface  created 
by  uniform-intensity  electron  irradiation. 
S.Takeda,  K.Koto,  M.Hirata,  J. Yamasaki,  S.Ijima 
and  T.Ichibashi 

15:20  Nanotubes  in  GaN  and  their  formation  mecha¬ 
nism. 

Z.Lilientai-Weber,  Y.Chen,  S.Ruminov  and 

J. Washbum 

15:40  COFFEE  BREAK 

LOW  DIMENSIONAL  STRUCTURES  2 
(Room  D)  •  Chair:  W.M.Chen 
16:00  INVITED-Self-assembly  of  nano-scale  structures 
at  semiconductor  surfaces. 

M.Scheffler 


16:40  Spin  dependent  processes  in  self-assembly 
impurity  quanmrn  wires. 

W.  Gehihoff 

17:00  Auger  type  nonradiative  recombination  processes 
in  bulk  and  quantum  well  structures  of  II-VI 
semiconductores  containing  transition  metal  ions. 
M.  Godlewski,  M.  Surma,  A.J.  Zakrzewski,  T. 
Wojtowicz,  G.  Karczewski,  J.  Kossut,  J.R 
Bergman  and  B.  Monemar 
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17:30  POSTER  SESSION  P2  (Room  A) 

23  JULY  WEDNESDAY 
ERBIUM  1  •  Chair:  V.Emtsev 
9: 1 0  INVITED-Erbium  related  defects  in  Si  and 
GaAs. 

A.R.Peaker 


9:50  Energy  transfer  processes  at  erbium  ions  in 
silicon. 

J.Palm,  L.V.C.Assali,  S.H.Ahn,  J.Michel  and 

L. C.Kimerling 

10: 10  Energy  transfer  rate  between  erbium  4f  shell  and 
Si  host. 

A.Taguchi,  K.Takahei,  M.Matsuoka  and  S.Tohno 

10:30  Photoluminescence  study  of  erbium  in  silicon 
with  free  electron  laser. 

IJsimperidis,  T.Gregorkiewicz,  H.P.Th.Bekman, 
C.J.G.M.Langerak  and  C.A.J.Ammerlaan 
10:50  COFFEE  BREAK 

Er  2  •  Chair:  A.R.Peaker 
11:20  Direct  evidence  for  stability  of  tetrahedral 
interstitial  Er  in  Si  up  to  900-C. 

U.Wahl,  J.G.Correia,  G.Langouche,  J.G.Marques, 
A.Vantomme  and  ISOLDE 
11:40  Electron  paramagnetic  resonance  of  erbium  in 
bulk  silicon  carbide  crystals. 

P.G.Baranov,  I.V.  Ilyin  and  E.N.  Mohov 

12:00  1 .54jLim  photoluminescence  of  Er  and  Er+  0 
implanted  6H  SiC. 

A.Kozanecki,  W.  Jantsch,  W.  Heiss,  G.  Prechte, 

C.  Jeynes  and  B.J.  Sealy 
12:20  LUNCH 

THURSDAY  24  JULY 
SILICON: Metals  •  Chair:  M.  Kleverman 
9: 1 0  INVITED-Iron  in  p-type  silicon: A 
compreHensive  model. 

S.H.Ahn,  L.L.Chalfoun,  X.Duan,  H.Nakashima, 

M. T.Platero,  A.L.Smith,  S.Zhao  and  LKimerling 


17:30  POSTER  SESSION  P2  (Room  A) 


SiGe  •  Chair-K.Lassmann 
9: 1 0  Optical  investigation  of  Ge  rich  Si  1  - 
xGe(0.9<x<l)  alloys. 

M.Franz,  K.Pressel,  K.F.Dombrowski,  A.Barz, 
P.Doldand  K.W.Benz 

9:30  Substitutional  carbon  in  Ge  and  Si  1  -xGex 
LHoffmann,  J.C.Bach,  B.B. Nielsen,  P.Leary, 

R.  Jones,  S.Oberg,  A.N.Larsen  and  J.L.Hansen 
9:50  Point  defects  and  impurities  in  relaxed  Si  1  -xGex 
P.Kringhoj,  F.Nikolajsen,  E.Monakov,  A.Mesli 
and  A.N.Larsen 

1 0;  1 0  INVITED-Dislocation  related  electronic  sates  in 
strain-relaxed  Si,^GeySi  epitaxial  layers  grown 
at  low  temperature. 

PMooney  and  K.Shum 


10:50  COFFEE  BREAK 

LOCAL  VIBRATIONAL  MODES  •  Chair:B.  Clerjaud 
1 1 :20  Atomic  configuration  of  oxygen  negative-u 
center  in  GaAs. 

A.Taguchi  and  Kageshima 

1 1 .40  Resonant  interaction  between  local  vibrational 
modes  ans  extended  lattice  phonons. 
M.D.McCluskey,  E.E.Haller,  W.Walukiewicz, 
P.Becla. 

12:00  Anomalous  shift  of  the  1075cm-l  oxygen 
hydrogen  defect  in  silicon. 

R.Jones,  B.Hourahine,  P.R.Briddon  and  S.Oberg 

12:20  LUNCH 


GaN  1  •  Chair:  K.  Thonke 
9: 1 0  ODMR  studies  of  As-grown  and  electron- 
irradiated  GaN  and  AIN. 

G. D.Watkins,  M.Linde,  P.W.Mason, 

H. Przybylinska,  S.J.Uftring,  V.Harle,  F.Scholz, 
W.J.Choyke  and  G.A.Slack 
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9:50  Mossbauer  spectroscopy  of  Fe  in  silicon  with  the 
novel  laser-ionized  57Mn+  ion  beam  ISOLDE. 

G.Weyer,  S.Degroote,  M.Fanciulli,  V.N.Fedoseev, 
G.Langouche,  V.I.Mishin,  M.Van  Bavel, 
A.Vantomme  and  ISOLDE. 

10:10  Copper  in  silicon:  quantitative  analysis  of 
internal  and  proximity  gettering. 

SA.McHugo,  T.Heiser,  H.Hieslmair,  C.Flink, 
E.R. Weber,  S.M.Myers  and  G.A.Petersen 
10:30  Recombination-enhanced  Fe  atom  jump  of  Fe- 
acceptor  pairs  in  silicon. 

T.Takahashi  and  M.Suezowa 
10:50  COFFEE  BREAK 

SILICON: Extended  Defects  •  Chair:L.Kimerling 
11:10  INVITED-Defect  clusters  in  Silicon:  Impact  on 
the  performance  of  large  area  devices. 

BL.Sopori 


1 1 :50  Infrared  induced  emission  from  silicon  quantum 
wires. 

N.T.Bagraev,  E.I.Chaikina,  W.Gehlhoff, 

L. E.Klyachkin 

1 2: 10  High  resolution  eels  study  of  extended  defects  in 
Silicon. 

N.Arai,  H.Kohno,  Tmabuchi,  M.Hirata,  S.takeda, 

M. Kohyama,  M.Terauchi  and  M.Tanaka. 


12:30  LUNCH 

24  JULY  — THURSDAY 

SILICON:Oxygen  •  ChainM.O,  Henry 
1 4:00  INVITED  -  An  investigation  of  the  possibility 
that  oxygen  diffusion  in  czochralski  silicon  is 
catalysed  during  clustering. 

SA.McQuaid  and  R.Falster 


9:30  Electrical  and  optical  characterization  of  defects 
in  GaN  generated  by  ion  implantation. 

D. Haase,  M.Burkard,  A.Domen,  H.Schweizer, 

H.Bolay,  F.Scholz 

9:50  Implantation  doping  and  hydrogen  passivation  of 
GaN. 

A.Burchard,  M.Deicher,  D.Forkel-Wirth, 

E. E.Haller,  R.Magerle,  A.Prospero,  A.Stotzler 
and  ISOLDE 

1 0: 1 0  IN VITED-Electrically  and  optically  detected 
magnetic  resonance  in  GaN  based  LEDs. 
W.Carlos  and  S.Nakamura 


10:50  COFFEE  BREAK 

GaN  2  •  Chair:  E.Pereira 

11:10  Donor  acceptor  pair  transition  in  GaN. 

K.Komitzer,  M.Mundbrod,  K.Thonke,  M.Mayer, 

A. Pelzmann,  M.Kamp,  H.J.Ebeling,  R.Sauer 

1 1 :30  Ab-initio  studies  of  atomic-scale  defects  in  GaN 
and  AIN. 

T.Mattila  and  R.M.Nieminen 
1 1 :50  Photoluminescence  kinetics  in  the  near  bandgap 
region  of  homoepitaxial  GaN  layers. 
K.P.Korona,  J.M.Baranowski,  K.Pakula, 

B. Monemar,  LP.Bergman,  I.Grzegory, 
S.Porowski 

1 2: 1 0  Observation  of  native  Ga  vacancies  in  GaN  by 
positron  annihilation. 

K.Saarinen,  T.Laine,  S.Kuisma,  J.Nissila, 
P.Hautojarvi,  L.Dobrzynski,  J.M.Baranowski, 
K.Pakula,  R.Stepniewski,  Mwodjak, 
A.Wysmolek,  T.Suski,  M.Leszczynski, 

I.Grzegory  and  S.Porowski 
12:30  LUNCH 


SiC  1  •  Chair:  B.  Monemar 

14:00  Zeeman  study  of  the  6H-SiC:Cr. 

A.Dornen,  B.Kaufmann,  M.Kunzer, 
U.Kaufmann,  P.Baranov 

1 4:20  A  deep  photoluminescence  band  in  4H  SiC 
related  to  the  silicon  vacancy. 

E. Soman,  N.T.Son,  W.M.Chen,  J.L.Lindstrom 
and  E.Janzen 
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14:40  The  Oxygen  dimer  in  silicon:some  experimental 
observations. 

ZHalfberg  J.L.Lindstrom,L.Murin  and 
V.P.Markevich 

15:00  High  field  spectroscopy  of  thermal  donnors  in 
silicon. 

R.Dirksen,  KB. Rasmussen,  T.Gregorkiewicz  and 

C.A.J.Ammerlaan 

15:20  INVITED-Local  vibrational  modes  of  a  weekly 
bound  H-0  complex  in  Silicon. 

BMech-Nielsen,  K.Tanderup,  M.Budde, 

K.B. Nielsen  and  J.L.Lindstrom 
16:00  COFFEE  BREAK 

SILICON:Radiation  damage  •  Chair:  C.A.J.  Ammerlaan 
16:20  Vacancy  aggregates  in  silicon. 

J.L.Hastings,  S.Estreicher  and  RA.Fedders 


16:40  Identification  of  VH  in  silicon  by  EPR. 
PJohannesen,  J.R.Byberg,  B.B.Nielsen, 
RStallinga  and  K.B.Nielsen 

1 7:00  Vacancies  and  interstitial  atoms  in  irradiated  Si. 
H.  Zillgen  and  P.Ehrhart 

20:00  BANQUET 

FRIDAY  25  JULY 

Mobility  v  Doping  •  Chair:  A.  Fazzio 
9: 1 0  INVITED  Intrinsic  modulation  doping  in  InP 
based  heterostructures. 

W.M.Chen,  LA.Buyanova,  A.Buyanov, 
T.Lundstrdm,  W.G.Bi  and  C.W.Tu 


9:50  Pressure  dependent  2-dimensional  electron 
transport  in  defect  doped  InGaAs/InP 
heterostructures. 

D.Wasik,  L.  Dmowski,  J.L.  Lusckowski,  L.  Hsu, 
W.  Walukiewicz,  W.G.Bi  and  C.W.  Tu 
10:20  INVITED  Molecular-dynamics  simulations  of 
fundamental  defects  in  Silicon. 

S.Estreicher 


14:40  Vacancy  type  defects  in  proton  irradiated  SiC. 

W.  Puff,  P.Mascher,  A.G.Balogh  and  H.Baumann 


15:00  INVITED  Theory  of  3d  transition  metal  defects 
in  3C  SiC. 

H.Overhof 


16:00  COFFEE  BREAK 
SiC  2  •  Chair:  J.Spaeth 

1 6:20  Thermal  activation  energies  for  the  three 

inequivalent  lattice  sites  for  the  BSi  acceptor  in 
6H  SiC. 

A.O.Evwaraye,  S.R.  Smith,  W.C.Mitchel  and 
H.McD.Hobgood 

16:40  The  microscopy  structure  of  the  boron  acceptor 
in  6H  and  4H  SiC  studied  with  magnetic 
resonance. 

S.Greulich-Weber,  M.Feege,  E.N.Kalabukhova, 
S.N.Lukin  and  J.M.Spaeth 
17:00  INVITED-  High  frequency  EPR  studies  of 
Shallow  and  deep  boron  acceptors  in  6H-SiC. 

J. Schmidt,  T.Matsumoto,  O.G.Poluektov, 
A.Amold,  T.Ikoma  and  P.G.Baranov 
20:00  BANQUET 


DIFFUSION  •  Chair:  J.  Vanhellemont 
9: 1 0  Formation  kinetics  of  the  Al-related  shallow 
thermal  donors: a  probe  for  oxygen  diffusion  in 
silicon. 

PKaczor,  L.Dobaczewski,  T.Gregorkiewicz  and 
C.A.J.Ammerlaan 

9:30  Segregation  of  Au  at  dislocations  confirmed  by 
gold  diffusion  into  highly  dislocated  silicon. 
H.Bracht,  A.R.Schatrup  and  I.Yonenaga 
9:50  Gold  diffusion  experiments  as  a  tool  for 

investigations  of  self  interstitial  interaction  with 
extended  defects. 

E.Yakimov 
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11:00  BREAK 
Chair:  B.L.  Sopori 

1 1 :20  Ionized  impurity  scattering  in  isotopically 
engineered  compensated  Ge:GaAs. 

K.M.Itoh,  T.Kinoshita,  W.Walukiewicz, 
J.W.Beeman,  E.E.Haller,  J.Muto,  J.W.Farmer  and 
V.I.Ozhogin 

1 1 :40  Dependence  of  electron  mobility  on  dopants  in 
heavily  doped  semiconductors. 
G.Kaiblinger-Grujin,  H.Kosina,  S.Selberherr 

Plenary  Session. 

Chair:  G.Davies 

12:05  Summing  up  M.A.Stoneham 
12:25  James  Corbett  award  E. Weber 
12:35  Closing 


11:00  BREAK 
Chair:  E.  Weber 

1 1 :20  INVITED-  The  behaviour  of  grown  in  point 
defects  in  CZ  silicon  and  their  importance  in 
the  64Mbit  era  and  beyond. 

R.Falster 
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RECENT  DEVELOPMENTS  IN  UNDERSTANDING  LOCALIZED 
VIBRATIONAL  MODES  AND  GAP  MODES  IN  COMPOUND 
SEMICONDUCTORS 


R.  C.  Newman.  E.  G.  Grosche*,  D.  A.  Robbie^  R.  S.  Leigh+  and  M.  J.  L.  Sangster^ 

*IRC  Semiconductor  Materials,  The  Blackett  Laboratory,  Imperial  College, 

London  SW7  2BZ,  UK 

U.  J.  Thomson  Physical  Laboratory,  University  of  Reading,  Whiteknights, 

RO.  Box  220,  Reading  RG6  2AF,  UK. 

Key  Words:  LVMs,  gap  modes,  isotopic  shifts,  force  constants,  dipole  moments. 

The  lattice  location  and  identity  of  impurity  atoms  and  their  complexes  in  semiconductor  crystals  can  be  established 
by  the  detection  of  impurity  and  host  lattice  isotopic  fine  structure  in  infrared  absorption  spectra  of  localized 
vibrational  modes  (LVM).  Systematic  differences  are  found  in  the  nearest  neighbour  force  constants  for  donors 
and  acceptors  compared  with  isoelectronic  impurities  in  compounds  with  the  zinc-blende  structure  and  not  all 
LVMs  have  the  same  line  width.  Much  of  the  available  data  relates  to  GaAs. 

Ab  initio  calculations  have  now  been  used  to  obtain  eigenvectors,  as  well  as  frequencies  for  the  perfect  lattice 
modes  of  III-V  compounds  without  using  empirical  models  [1].  Green’s  functions  for  the  defective  lattice  can 
then  be  formed  by  the  Lifshitz  procedure,  using  adjustable  parameters  to  allow  for  changes  in  the  mass  of  an 
impurity  and  local  force  constants  [2].  This  is  an  important  advance  since  impurity  -  induced  gap  modes  may  be 
more  extended  spatially  than  LVMs,  Nearest  neighbour  isotopic  fine  structure  is  predicted  and  detected  for 
GaP:Asp,  while  second  neighbour  interactions  are  evident  for  GaRBca*  Sp  donors  show  strong  gap  mode 
absorption  in  their  ionized  state  but  not  in  their  neutral  charge  state  S®.  It  is  proposed  that  the  dynamic 
vibrational  dipole  moment  is  shielded  by  an  induced  opposite  moment  of  the  bound  electron.  New  results  will 
also  be  presented  for  S-CuQa  pairs  in  GaP  and  GaAs.  Isolated  Sas  donors  do  not  give  an  LVM  in  GaAs  but  the 
longitudinal  mode  of  the  SAs-Cuca  mode  is  observed.  Comparisons  will  be  made  with  published  data  relating  to 
impurities  in  ZnS[3], 

It  is  clear  that  there  are  two  types  of  gap  modes.  When  a  light  impurity  (e.g.  Boa  in  GaP)  occupies  a  heavy  atom 
lattice  site,  the  gap  mode  involves  only  small  displacements  of  the  impurity  because  its  eigenvector  must  be 
orthogonal  to  that  of  the  LVM.  However  there  is  no  such  restriction  when  a  heavy  atom  (Asp)  occupies  the  light 
lattice  atom  site  and  appreciable  displacements  may  occur  as  in  an  LVM. 

[1]  R  Gianozzi,  S.  de  Gironcoli,  R  Pavone  and  S.  Baroni,  Phys  Rev.  B43, 7321  (1995). 

[2]  D.  A.  Robbie,  M.  J.  L.  Sangster  and  P.  Pavone,  Phy  Rev.  B51, 10489  (1995). 

[3]  M.  D.  Sciacca,  A.  J.  Mayur,  H.  Kim,  1.  Miotkowski,  A.  K.  Ramdas  and  S.  Rodriguez,  Phys.  Rev.  B53, 12878 
(1996). 
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OPTICALLY-INDUCED  DEFECTS  IN  SI-H  NANOPARTICLES 


R  J  Baierle*,  M  J  Caldas*.  E  Molinari**,  and  S  Ossicini** 

*  Instituto  de  Fisica,  Universidade  de  Sao  Paulo,  Sao  Paulo,  SP,  Brasil 
**  INFM  and  Dipartimento  di  Fisica,  Universita  di  Modena,  1-41100  Modena,  Italy 
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The  optical  properties  of  nanometer-size  structures  are  currently  object  of  debate,  both  from  the  experimental 
and  theoretical  points  of  view.  In  this  scenario.  Si  nanoparticles  are  interesting  in  that  their  optical  behavior 
shows  a  clear  dependence  on  the  particle  size. 

A  reliable  theoretical  description  of  these  systems  is  very  difficult  because  of  the  need  to  account  for  atomic 
relaxation  at  a  microscopic  level,  and  to  treat  the  optical  properties  consistently  from  the  smallest  cluster  limit, 
where  correlation  effects  are  expected  to  be  important,  up  to  large  crystallites.  Most  of  the  studies  to  date  cannot 
account  for  all  these  effects  at  the  same  time  in  such  systems. 

To  address  this  problem,  we  have  used  self-consistent  semiempirical  Hartree-Fock  schemes  of  the  NDO  (Neglect 
of  Differential/Diatomic  Overlap)  family,  completely  reparametrized  to  describe  the  bulk  Si  ciystal  as  well  as 
small  molecules.  As  a  result,  we  reproduce  the  key  properties  of  the  crystal,  such  as  lattice  constant,  bulk  modulus 
and  phonon  fraquencies  (MNDO/Crystal),  as  well  as  valence  band  ionization  energies,  the  indirect  character  of 
the  gap,  and  the  bulk  gap  value  when  extrapolated  from  nanocrystal  values  (INDO/Crystal),  while  still  describing 
relevant  features  of  the  silane,  disilane,  siloxane  molecules.  For  a  given  nanoparticle,  we  therefore  obtain  consistent 
predictions  for  the  equilibrium  atomic  structure,  the  vibrational  frequencies,  the  optical  spectra  (electron  correlation 
being  included  through  Configuration  Interaction),  as  well  as  the  spatial  and  orbital  composition  of  the  states 
contributing  to  the  optical  transitions. 

Our  results  for  hydrogenated  Si  particles  unveil  a  strong  and  spontaneous  distortion  that  occurs  under  optical 
excitation,  thus  creating  a  localised  luminescent  center  at  the  surface.  For  particles  ranging  from  29  to  71  Si 
atoms,  with  the  surface  perfectly  saturated  with  H  atoms,  the  first  absorption  is  essentially  a  HOMO-LUMO 
transition,  that  leaves  the  particle  in  an  excited  electronic  state  corresponding  to  a  one  electron  excitation. 

By  allowing  full  atomic  relaxation  in  such  excited  state,  we  find  a  minimum-energy  configuration  where  a 
hydrogen  atom  bridges  a  surface  Si-Si  bond,  with  very  little  relaxation  of  the  remaining  atoms  in  the  particle. 
Luminescent  decay  occurs  then  mainly  (60%  of  the  optical  strength)  from  this  localised  configuration-defect. 

Also  we  find  that  optical  absorption  originates  clearly  from  the  crystalline  core  of  the  cluster,  and  presents  a 
large,  size-dependent  blue-shift  with  respect  to  bulk  Si,  essentially  due  to  quantum  confinement  effects.  The 
absorption  ranges  approximately  from  3.5  to  2.5  eV  for  particles  with  17  to  71  Si  atoms;  luminescence  is  however 
‘pinned’  by  the  configuration-defect  at  much  lower  energies  (Stokes  shift  around  1.2  eV  for  the  35-Si  particle). 

The  above  results  allow  us  to  understand  recent  experimental  data  on  Si-H  particles,  and  provide  a  clue  to 
understanding  the  optical  properties  of  porous  Si.  Furthermore,  they  reveal  a  mechanism  for  reversible  defect 
creation,  that  is  expected  to  be  relevant  to  the  behavior  of  rough  surfaces,  interfaces,  and  other  ‘soft’  environments. 
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DEFECTS  AND  DOPING  IN  III-V  NITRIDES 


Chris  G.  Van  de  Walle 

Xerox  Palo  Alto  Research  Center,  Palo  Alto,  California,  USA 

Key  Words:  GaN,  nitride,  doping,  defects,  compensation 

GaN  is  successfully  being  used  for  green,  blue,  and  UV  light  emitters  and  for  high-temperature  or  high-power 
applications.  The  ability  to  control  doping  is  crucial  for  device  fabrication;  wide-band-gap  semiconductors  such 
as  GaN  have  long  suffered  from  limitations  on  the  achievable  doping  levels.  I  will  discuss  how  theoretical 
results  for  native  defects  and  dopant  impurities,  combined  with  state-of-the-art  first-principles  calculations,  can 
be  used  to  understand  the  various  factors  that  govern  doping. 

p-type  doping  of  GaN  has  become  possible  through  a  post-growth  activation  step  in  MOCVD-grown  material. 
Hydrogen  plays  a  crucial  role  in  this  process.  The  behavior  of  hydrogen  in  GaN  is  broadly  similar  to  that  in  other 
semiconductors,  including  the  stability  of  inp-type  material  and  the  negative-U  character  (in  this  case  with  a 
very  large  magnitude  of  U)  [1].  Intriguing  differences  occur,  however,  for  instance  in  the  structure  of  hydrogen- 
acceptor  complexes.  I  will  discuss  how  hydrogen  affects  acceptor  incorporation  in  GaN,  and  why  the  presence 
of  hydrogen  is  detrimental  to  p-type  doping  in  ZnSe.  Results  for  interactions  between  hydrogen  and  native 
defects  will  also  be  presented. 

The  origin  of  the  background  n-type  conductivity  observed  in  almost  all  GaN  material  has  been  debated  until 
recently.  We  have  shown  that  the  n-type  conductivity  can  not  be  attributed  to  nitrogen  vacancies,  but  is  due  to 
unintentional  incorporation  of  donor  impurities  such  as  silicon  or  oxygen  [2].  Comprehensive  studies  of  GaN 
under  pressure  and  of  AlGaN  show  that  the  oxygen  donor  undergoes  a  DX-like  transition:  a  large  outward 
relaxation  introduces  a  deep  level  in  the  band  gap,  explaining  the  observed  carrier  freezeout  [3].  Si  donors  do  not 
exhibit  this  transition.  Investigations  of  the  interaction  between  O  and  native  defects  produce  a  large  binding 
energy  between  O  and  the  gallium  vacancy;  we  have  proposed  the  latter  to  be  the  source  of  the  yellow 
luminescence”  [2].  Finally,  we  have  studied  the  interaction  between  O  and  Mg  acceptors.  The  presence  of 
oxygen  during  growth  is  detrimental  to  obtaining  p-type  doping  in  the  nitrides. 

I  gratefully  acknowledge  my  collaboration  with  Jdrg  Neugebauer  and  the  support  of  DARPA. 

[1]  J  Neugebauer  and  C  G  Van  de  Walle  1995  Phys.  Rev.  Lett.TS  4452 

[2]  J  Neugebauer  and  C  G  Van  de  Walle  1996  Appl.Phys.  Lett.  69  503 

[3]  C  Wetzel  et  al.  1996  Proc.  ICPS-23  (Singapore:  World  Scientific)  p.  2929 
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Hydrogen  impurities  are  incorporated  during  various  stages  of  semiconductor  processing,  and  forms  various 
complexes  with  crystal  defects  and  impurities.  Among  the  hydrogen-related  defects  in  silicon,  hydrogen  molecule 
is  predicted  by  theoretical  calculation  to  be  stable  at  tetrahedral  site  [1].  However,  no  direct  observation  had 
been  reported  on  hydrogen  molecule  in  silicon,  until  we  found  that  hydrogen  exists  in  molecular  form  in  crystalline 
silicon  treated  with  hydrogen  atoms  in  the  downstream  of  a  hydrogen  plasma  [2], 

In  this  paper,  we  present  furthermore  a  detailed  study  on  the  hydrogenation-temperature  dependence  of  the 
formation  of  hydrogen  molecules  using  Raman  measurements.  The  vibrational  Raman  line  of  hydrogen  molecule 
was  observed  at  4158cm'^  for  crystalline  silicon  hydrogenated  at  substrate  temperatures  between  180  and  500°C. 
The  intensity  of  the  vibrational  line  had  a  maximum  for  hydrogenation  at  400°C.  The  rotational  Raman  line  of 
hydrogen  molecule  was  also  observed  at  590cm' ^  at  hydrogenation  temperature  between  300  and  500°C. 

The  Raman  shift  of  the  vibrational  line  of  hydrogen  molecule  showed  little  dependence  on  the  hydrogenation 
temperature.  The  vibrational  line  was  asymmetric  pd  consists  of  at  least  two  components  at  4160  cm  and 
4130  cm’^  The  relative  intensity  of  the  4130cm’  component  to  the  4160cm'  component  decreased  with 
increasing  hydrogenation  temperature.  Correspondingly  the  line  width  of  the  vibrational  line  decreased  with 
increasing  hydrogenation  temperature,  from  50cm'  at  1 80°C  to  30cm’  at  500‘'C.  The  width  for  hydrogenation 
at  500°C  is  still  much  larger  than  that  of  gaseous  hydrogen  molecule:  no  more  than  3  cm'  even  for  gaseous 
hydrogen  pressurized  up  to  200MPa,  typical  pressure  for  bubbles  in  solids.  The  line  width  was  not  affected  by 
lowering  the  sample  temperature  during  Raman  measurements  down  to  90K.  The  results  suggest  that  the  large 
width  of  the  vibrational  line  is  not  explained  by  collisional  or  motional  broadening  but  is  attributed  to  the 
inhomogeneous  broadening. 

The  Raman  band  of  Si-H  stretching  was  observed  for  crystalline  silicon  hydrogenated  between  100  and  500°C. 
The  formation  of  hydrogen  molecule  is  discussed  in  comparison  with  that  of  Si-H  bonds  and  {111}  platelets. 
The  hydrogenati on-time  dependence  of  the  formation  of  hydrogen  molecule  is  also  described. 

[1]  K.J.  Chang  and  D.J.  Chadi,  Phys.  Rev.  Lett.  60, 1422  (1988) ;  C.G.  Van  de  Walle,  Phys.  Rev.  B49,  4579 
(1994) 

[2]  K.  Murakami,  N.  Fukata,  S.  Sasaki,  K.  Ishioka,  M.  Kitajima,  S.  Fujimura,  K.  Kikuchi,  and  H.  Haneda,  Phys. 

Rev.  Lett.  77,3161  (1996). 
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We  report  on  an  investigation  into  the  formation  of  H2  molecules  in  crystalline  Si  after  treatment  in  a  hydrogen 
plasma.  Both  n-  and  p-type  Si  material  having  a  wide  range  of  doping  concentrations  were  studied.  Hydrogenation 
at  temperatures  as  low  as  125  ®C  was  found  to  be  sufficient  for  forming  H2  in  the  Si  lattice.  The  expected  isotope 
shift  of  the  Raman  frequency  was  measured  when  the  H-pIasma  was  replaced  by  a  deuterium  plasma.  Furthermore, 
a  mixture  (50:50)  of  hydrogen  and  deuterium  in  the  plasma  resulted  in  a  new  Raman  line,  which  we  attribute  to 
the  H-D  molecule.  The  line  width  of  the  Raman  signal  is  about  an  order  of  magnitude  broader  than  what  has 
recently  been  measured  for  molecular  hydrogen  in  GaAs.[l]  We  will  discuss  probable  configurations  of  the  H2 
molecules  in  the  Si  lattice. 

[  1  ]  J  Vetterhofer,  J  Wagner  and  J  Weber  1 996  Phys  Rev  Lett  27  5409 
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LOW-TEMPERATURE  MIGRATION  OF  HYDROGEN  IN  SILICON: 
INTERACTION  WITH  OXYGEN 


K.  Bonde  Nielsen.  B.  Bech  Nielsen  and  J.  Hansen 

Institute  of  Physics  and  Astronomy,  University  of  Aarhus,  DK-8000  Aarhus  C,  Denmark 

Key  words:  Hydrogen  , Oxygen,  Diffusion,  Metastability,  DLTS 

It  has  been  recognized  for  some  time  that  the  presence  of  interstitial  hydrogen  leads  to  significant  enhancements 
of  the  diffusion  of  oxygen  and  related  processes,  such  as  the  enhancement  of  the  rate  of  thermal  donor  formation 
and  the  incorporation  of  hydrogen  in  shallow  thermal  donors.  The  understanding  of  these  catalysis  phenomena 
require  elucidation  of  oxygen-hydrogen  structures  and  the  interactions  that  occur  during  defect  evolution  in  low 
temperature  anneals.  In  this  work,  we  present  the  results  of  a  detailed  in  situ  DLTS  study,  in  which  the  annealing 
properties  of  interstitial  hydrogen  were  examined  in  the  temperature  range  from  50  to  300  K.  The  samples  were 
prepared  by  low-dose  proton  implantation  at  60  K  in  such  a  way  that  DLTS  could  be  applied  directly  to  the 
implanted  layer  without  intervening  heating  of  the  sample.  We  show  that  two  metastable  donor  states  associated 
with  isolated  hydrogen  are  formed  in  n-type  silicon.  One  of  these  states  E3’  is  ascribed  to  bond-centred  hydrogen 
and  the  other  E3”  is  tentatively  assigned  to  hydrogen  occupying  a  position  in  the  low-density  region  of  the 
silicon  crystal.  Both  states  transform  under  zero-bias  annealing  to  the  same  resevoir  state  from  which  they  can 
be  recovered  reversibly.  The  E3’  signal  recovers  by  forward-bias  injection  of  holes  while  E3”  recovers  by 
illumination.  Further  important  features  are:  (I)  During  reverse-bias  annealing  E3”  converts  thermally  into  E3’, 

(II)  The  (subsequent)  reverse-bias  annealing  of  E3’  is  contolled  by  trapping  on  the  native  oxygen  impurities. 

(III)  A  weakly  bound  hydrogen-oxygen  structure  is  present  in  the  temperature  range  200-275  K.  (IV)  This 
structure  is  associated  with  a  migration  stage  in  which  hydrogen  diffusion  is  retarded.  (V)  The  hydrogen  migration 
eventually  leads  to  passivation  of  a  phosphor  dopant.  (VI)  After  passivation,  the  E3’  and  E3”  signals  can  no 
longer  be  retreived  by  hole  injection  at  low  temperature.  We  shall  discuss  the  outlined  annealing  scenario  in 
detail  emphasizing  on  the  role  of  oxygen. 
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CZ  .silicon  heat  treated  at  T  -  1200°C  in  H2  or  D2  |as  followed  by  ^  quench  to  room  temperature  leads  to  the 
formation  of  infrared  absorption  lines  at  1 075. 1  cm  and  1 076.6  cm  that  have  been  attributed  to  Oj-H  and  Oj- 
D  pairs  respectively  [1].  These  defects  were  lost  during  a  subsequent  anneal  at  T  >  120°C  but  were  restored  by 
further  heating  at  50°C.  However  the  defects  were  annihilated  by  heating  at  T>250°C. 

We  have  now  examined  similarly  treated  samples  held  at  10  K  using  high  resolution  (0.1  cm  FTIR.  The 
previous  assignment  of  the  incorporation  of  an  Oi  atom,  that  was  only  circumstanrial  (it  co^^ld  have  been  a 
carbon  or  nitrogen  atom)  has  been  verified  by  the  observation  of  satellite  lines  due  to  Si  and  Si  as  found  for 
the  absorption  spectrum  of  isolated  bond  centered  Oj  atoms.  Analysis  of  our  samples  containing  mixed  H  and  D 
impurities,  shows  that  the  defect  incorporates  two  hydrogen  atoms  and  not  one  H  atom,  as  reported  in  [1].  The 
oxygen  mode  of  the  complex  involving  H-D  atoms  is  closer  in  energy  to  that  of  the  corresponding  mode  with 
two  D  atoms  than  that  with  two  H  atoms.  The  total  concentration  of  hydrogen  present  in  these  complexes  is 
estimated  to  be  comparable  with  solubility  data  for  [H]  (at  the  quench  temperatures  1100-1 300°C)  for  which  we 
have  previously  determined  a  heat  of  solution  of  1.8  eV. 

When  the  Oi-H2  complexes  ale  present  (  1075  cm"^  structure),  we  observe  two  correlated  hydrogen  stretch 
modes  at  3788.8  cm'^  and  3730.8  cm’^  in  thick  samples:  these  two  modes  are  extremely  weak  but  sharp  (A  - 
cm"  ^ ).  There  are  corresponding  analogues  for  both  Oi-D2  and  Oj-HD  complexes.  The  existence  of  two  hydrogen 
stretch  modes,  implies  that  two  slightly  different  types  of  center  are  present.  This  is  consistent  with  the  observation 
that  the  oxygen  modes  of  the  Oi-H2  and  Oi-D2  complexes  always^  appear  as  a  close  doublet  and  a  line  with  a 
shoulder  respectively.  There  is  an  anti-correlation  of  the  1075  cm  structure  with  a  third  H-H  mode  at  3618.3 
cm  *  that  also  has  corresponding  D-D  and  H-D  isotopic  analogues.  Since  this  third  mode  is  observed  in  FZ 
silicon,  the  centre  responsible  is  very  unlikely  to  incorporate  oxygen.  These  observations  provide  evidence  for 
the  presence  of  three  types  of  H-H  bonded  centers  that  appear  to  be  identified  with  H2  molecules  The  presence 
of  a  small  dipole  moment  would  require  the  molecules  to  be  polarised  non-uniformly  so  that  the  2  H  atoms  are 
inequivalent.  Possible  mechanisms  are  currently  under  investigation  [2]. 

[1]  V.P  Markevich  M  Suezawa.  K.  Sumino.  Mater.  Sci  Forum  196-201, 915  (  1995) 

[2]  R  Jones,  unpublished  work 
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Electron  stimulated  desorption  (ESD)  of  hydrogen  from  Si(lOO)  by  an  ultrahigh  vacuum  scanning  tunneling 
microscope  (UHV  STM)  is  being  used  to  develop  nanofabrication  methods  [1]  and  to  study  hydrogen  desorption 
mechanisms  [2].  Quantitative  measurements  show  the  existence  of  two  regimes  for  hydrogen  desorption.  For 
STM  tip  voltages  above  ~6.5  V  (tip  negative)  direct  bonding-to-antibonding  transitions  are  excited  with  a 
desorption  yield  of  -1  H  atom/ 10^  electrons.  At  lower  voltages,  a  vibrational  heating  mechanism  requiring 
multiple  excitations  leads  to  H  desorption  that  depends  strongly  on  voltage  and  current  density.  Also  consistent 
with  the  vibrational  heating  model  is  the  fact  that  hydrogen  is  much  easier  to  desorb  at  lower  low  temperatures. 

g 

In  a  parallel  set  of  STM  experiments  on  deuterated  surfaces,  suggested  by  Avouris,  we  found  that  -10  electrons 
are  required  to  desorb  each  D  atom  [3].  This  large  isotope  effect  is  consistent  with  the  Menzel  Comer  Redhead 
model  which  predicts  an  exponential  dependence  of  desorption  on  the  isotope  mass.  In  addition  to  the  isotope 
mass,  the  shorter  excited  state  lifetime  of  Si-D  vs  Si-H  also  contributes  to  the  isotope  effect. 

By  lateral  analogy  to  the  STM  experiments  we  tried  deuterium  instead  of  hydrogen  in  the  post  metal  anneal  of 
CMOS  wafers.  The  idea  was  that  the  desorption  of  hydrogen  at  the  oxide/Si  interface  by  channel  hot  electrons 
might  also  exhibit  a  strong  isotope  effect.  This  is  indeed  the  case  since  switching  to  deuterium  increases  transistor 
lifetimes  by  factors  of  10  to  50  in  accelerated  aging  tests  [4].  Using  deuterium  instead  of  hydrogen  does  not 
change  any  other  properties  of  the  transistors.  These  results  have  now  been  confirmed  by  several  major 
semiconductor  manufacturers. 

The  large  isotope  effect  observed  in  CMOS  aging  leads  to  other  predictions  by  analogy  to  the  STM  experiments. 
These  include  the  lack  of  a  voltage  threshold  for  transistor  degradation,  a  strong  dependence  of  aging  on  channel 
current  density,  and  increased  degradation  for  low  temperature  device  operation.  The  key  point  here  is  that  at 
high  current  densities  transistor  degradation  arises  from  current  flow  within  the  channel  without  requiring  carrier 
injection  over  the  oxide  barrier. 

This  work  is  supported  by  the  Office  of  Naval  Research  University  Research  Initiative  under  grant  NOOO 14-92- 
J-1519  and  the  Beckman  Institute  for  Advanced  Science  and  Technology. 

[1]  J.  W.  Lyding,  T.-C.  Shen,  J.  S.  Hubacek,  J.  R.  Tucker,  and  G.  C.  Abeln,  Appl.  Phys.  Lett.  64,  2010  (1994). 

[2]  T.  C.  Shen,  C.  Wang,  G.  C.  Abeln,  J.  R.  Tucker,  J.  W.  Lyding,  Ph.  Avouris,  and  R.  E.  Walkup,  Science  268, 
1590(1995). 

[3]  J.  W.  Lyding,  T.-C.  Shen,  G.  C.  Abeln,  C.  Wang,  E.  T.  Foley,  and  J.  R.  Tucker,  Mat.  Res.  Soc.  Symp.  Proc. 

380,  187  (1995);  Ph.  Avouris,  R.  E.  Walkup,  A.  R.  Rossi,  T.-C.  Shen,  G.  Abeln,  J.  R.  Tucker,  and  J,  W.  Lyding, 
Chem,  Phys.  Lett.  257,  148  (1996). 

[4]  J.  W.  Lyding,  K.  Hess,  and  1.  C.  Kizilyalli,  Appl.  Phys.  Lett.  68,  2526  (1996). 
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We  present  results  of  DLTS  studies  performed  on  specimens  prepared  from  n-type,  P-doped,  28  Qcm  CZ-Si. 
Copper  was  introduced  at  high  temperature  1 1000  C  for  Ih  to  the  four  groups  of  samples:  as  grown,  free  of 
extended  defects,  containing  dislocation  loops  (DLs)  with  the  density  2xl05cm~2  and  containing  stacking  faults 
(SFs)  with  the  density  5xl05cm~2,  High  density  of  DLs  and  SFs  was  induced  by  oxygen  precipitation  in  different 
multistep  annealing:  DLs  -  6OO0C/2Oh+7250C/  15h+  IOOO0C/  15h,  and  SFs  7250C/  15h+  IOOO0C/  15h, 
respectively.  Hydrogen  plasma  treatment  of  all  types  of  the  samples  were  done  at  4OO0C. 

As  it  was  confirmed  by  DLTS  spectra,  as  grown  samples  were  free  of  deep  states.  However,  spectra  in  samples 
contaminatedjWith  copper  were  dominated  by  main  trap  with  thermal  activation  energy  AEc  -  (0.14  -h  0.02)eV 
(for  en=l  00s  at  1 OOK).  Low  temperature  peak,  of  similar  height  has  been  also  found  in  copper  diffused  samples 
containing  SFs.  The  result  confirm  the  dependence  of  energy  of  copper  related  state  on  diffusion  temperature 
[1,2].  In  the  case  of  copper  diffused  samples  containing  DLs,  low  temperature  peak  was  significantly  reduced 
and  additional  peak  at  150K  appeared.  Due  to  the  very  high  population  changes  of  low  temperature  state,  DLTS 
technique  did  not  allow  for  proper  determination  of  deep  trap  concentration.  Therefore  thermally  stimulated 
capacitance  characteristics  were  measured.  The  huge  effect  of  capacitance  changes,  “freezing  effect”  was  observed 
in  copper  diffused  samples.  This  result  suggests  that  Cu  and  P  atoms  can  form  deep  complex.  The  effect  is  very 
pronounced  since  at  liquid  nitrogen  temperature  capacitance  of  the  samples  nearly  disappears.  This  result  confirms 
the  first  suggestion  of  Takahashi  et  al  [3]  on  possibility  of  generation  of  complexes  involving  transition  metal 
and  P  atoms  (Fe-P)  in  Si. 

All  Cu  related  deep  states  observed  in  free  of  extended  defects  n-type  Si  can  be  completely  passivated  at  4OO0C 
with  atomic  hydrogen  in  Si.  However  in  the  presence  of  dislocation  loops  as  well  as  stacking  faults  the  effectiveness 
of  passivation  of  deep  states  is  limited. 

[1]  M.  Kaniewska,  J.  Kaniewski,  A.R.  Peaker;  Mat.  Sci.  Forum  83, 1457,  1992. 

[2]  J.  Jablonski,  J.  Kaniewski,  M.  Kaniewska, T.  Sekiguchi,  L.  Omoch,  K.  Sumino;  Mat.  Sci.  Fomm  143-147, 

1517,  1994. 

[3]  H.  Takahashi,  M.  Suezawa,  K.  Sumino;  J.  Appl.  Phys.  78,  3077,  1995. 
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In  recent  years  there  has  been  intense  interest  in  hydrogen  in  silicon.  It  is  becoming  apparent  that  many  radiation 
damage  centres  (both  interstitial  centres  and  vacancy  centres)  involve  hydrogen.  It  is  important  to  understand 
the  evolution  of  these  centres  and  their  inter-relationships.  We  report  here  the  properties  of  the  ‘I  centre  (zero 
phonon  line  at  965  meV),  which  is  created  in  Czochralski  silicon  by  thermal  treatment  in  the  temperature  range 
400-600  C.  The  luminescence  intensity  of  the  I  centre  is  greatly  enhanced  by  deliberate  hydrogen  incorporation 
and  radiation  damage  prior  to  thermal  treatment.  This  treatment  in  oxygen-lean  material  produces  the  ‘T-centre’ 
(zero  phonon  line  at  938  meV),  which  has  recently  been  established  as  containing  two  carbon  atoms  and  one 
hydrogen  atom  [Safonov  et  al,  Phys.  Rev.  Lett.,  Vol.  77,  No.  23,  (1996)].  We  show  here  that  the  I  centre  is  very 
closely  related. 

The  effect  of  changing  the  isotopes  on  the  energy  of  the  zero-phonon  line  and  the  local  vibrational  modes 
establishes  the  presence  of  hydrogen  and  two  inequivalent  carbon  atoms,  as  for  the  T  centre.  Furthermore,  the 
magnitudes  of  the  isotope  effects  on  each  feature  are  very  similar  at  the  I  and  T  centres.  Uniaxial  stress  perturbations 
on  the  I  centre  are  also  shown  to  be  quantitatively  similar  to  the  data  for  the  T  centre,  and  establish  the  same 
monoclinic  I  symmetry  for  both  centres. 

Analysis  of  the  Zeeman  data,  the  uniaxial  stress  data  and  the  temperature  dependence  of  the  luminescence  show 
that  the  I  centre,  like  the  T  centre,  is  isoelectronic.  The  ground  electronic  state  is  paramagnetic  as  a  result  of  one 
unpaired  electron.  Qualitatively,  we  may  think  of  the  proton  of  a  single  hydrogen  atom  as  providing  charge 
compensation  for  that  electron.  The  bound  exciton  of  the  excited  state  is  trapped  by  the  short  range  attraction  of 
the  electron  to  the  neutral  centre  and  the  Coulomb  attraction  of  the  hole  to  the  complex.  This  results  in  the 
observed  effective-mass-like  hole. 

We  have  not,  as  yet,  direct  evidence  for  oxygen  being  involved  in  the  centre,  except  the  strong  requirement  that 
it  is  produced  in  oxygen-rich  silicon.  Given  the  similarities  of  the  I  and  T  centre  we  postulate  that  the  I  centre  is 
a  T  centre  perturbed  by  the  presence  of  a  nearby  oxygen  atom. 
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Key  Words:  II-VI  compounds,  Donors,  Indium,  A-centre,  compensation,  PAC 

The  local  atomic  configuration  of  compensated  In-donors  was  investigated  as  a  function  of  the  total  In¬ 
concentration  using  perturbed  gg-angular  correlation  spectroscopy  (PAC).  The  compensation  of  In-donors  is 
observable  on  an  atomic  scale  by  detecting  characteristic  electric  field  gradients  (EFG)  at  the  site  of  the  radioactive 
probe  atom  “’In,  that  are  caused  either  by  the  formation  of  close  pairs  with  acceptor  like  defects  or  by  the 
relaxation  of  the  “'In  probe. 

From  PAC-experiments  in  weakly  In-doped  ZnSe,  ZnTe,  ZnS,  CdSe,  CdTe,  and  CdS  crystals  ([In]  <  10'^  cm'^), 
the  compensation  of  In-donors  by  pairing  with  cation  vacancies  is  known,  forming  the  A-centre  complex 
IOj^-Vm  In  this  complex  the  vacancy  is  detected  via  its  characteristic  EFG  at  the  lattice  site  of  the  '“In  nucleus. 
In  heavily  In-doped  II-VI  compounds  other  EFG  are  observed,  indicating  the  formation  of  other  local 
configurations  of  the  In-donors.  In  case  of  CdS:In  and  CdTe:In,  these  EFG  were  also  reported  by  Magerle  and 
Wegner  respectively  and  a  preliminary  interpretation  in  terms  of  In-defect  complexes  was  given. 

We  present  a  detailed  study  of  these  new  In-configurations  which  was  performed  by  comprehensive  PAC 
investigations.  Single  crystals  of  the  respective  II-VI  semiconductor  were  simultaneously  doped  with  stable  In 
and  radioactive  “'In  by  diffusion  under  presence  of  the  respective  chalcogen  element.  If  the  In-concentration 
exceeds  approximately  10"^  cm■^  the  PAC  spectra  reveal  new  defect  structures  in  all  II-VI  compounds.  The  new 
defects  are  characterised  by  up  to  three,  slightly  different,  EFG,  which  always  occur  simultaneously.  In  all 
investigated  II-VI  compounds,  the  strength  of  these  EFG  is  about  double  the  value  of  the  A-centre  defect  measured 
in  weakly  In-doped  crystals. 

The  identical  defect  complexes  are  observed  in  ZnSe,  CdTe,  or  CdS  that  are  heavily  doped  with  Ga  instead  of  In. 
For  ZnSe  and  ZnS  a  partial  transformation  of  the  A-centre  into  the  new  defect  structures  is  observed  if  the 
temperature  is  reduced  below  100  K.  PAC-measurements  performed  as  a  function  of  sample  temperature  show 
that  the  new  defects  are  more  stable  than  the  A-centres.  The  obtained  experimental  results  suggest  that  the  new 
In-configurations  observed  at  higher  donor  concentrations  also  consist  of  an  In-donor  and  a  cation  vacancy  but 
in  a  different  charge  state  and  local  configuration  than  the  A-centre  defect  observed  in  the  weakly  In-doped  II-VI 
compounds.  It  is  proposed  that  a  singly  charged  cation  vacancy  and  a  doubly  charged  cation  vacancy  is  bound  to 
the  In-donor  in  the  weakly  and  heavily  doped  II-VI  semiconductors,  respectively. 

1)  Th.  Wichert,  Th.  Krings,  and  H.  Wolf,  Physica  B  185  (1993)  297 

2)  R.  Magerle,  M.  Deicher,  U.  Desnica,  R.  Keller,  W.  Pfeiifer,  F.  Pleiter,  H.  Skudlik,  Th.  Wichert,  Appl.  Surf.  Sci. 

50, 159(1991) 

3)  D.  Wegner  and  E.  A.  Meyer,  J.  Phys.:  Condensed  Matter  1,  (1989)  5403 
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COMPENSATION  OF  DONORS  BY  FAST  DIFFUSORS  IN  II- VI 
COMPOUNDS:  MODEL  AND  EXPERIMENTAL  EVIDENCES  FOR  Cu 

DOPED  CdS 


U.V.  Desnica*>  LD.  Desnica-Frankovic*,  R.  Magerle**  A.  Burchard**  and  M.  Deicher** 

*R.  Bo_kovic  Institute,  Phys.  Dept.,  Bijenicka  54,  10000  Zagreb,  Croatia 
**Fakult%ot  fj  Physik,  Universit%ot  Konstanz,  D-78434,  Konstanz,  Germany 

Fast  diffusors  (Cu,  Ag,  Au,  Li...)  are  important  impurities  in  semiconductors.  Penetrating  easily,  they  dramatically 
influence  electrical,  optical  and  photoelectronic  properties.  In  II- VI  compounds  they  commonly  compensate 
donor  dopants  in  a  way  not  fully  understood. 

Here  we  present  a  model  which  explains  electrical  compensation  of  CdS  by  Cu:  The  diffusion  of  Cu  donors  into 
CdS  provokes  simultaneous  creation  of  cadmium  vacancies,  Vcd,  which  are  double  acceptors.  Cu  compensates 
CdS  crystal  indirectly,  by  bringing  into  the  crystal  new  Vcd,  that  pair  with  existing  group-III  donors  causing 
their  electrical  compensation.  Theoretical  arguments  for  the  model  are  based  on  high  bond  ionicity  (69%)  in 
CdS  and  are  analogous  to  those  in  truly  ionic  (89-96%)  I- VII  compounds,  where  the  presence  of  Il-row-atoms 
produces  spontaneously  equal  number  of  compensating  cation  vacancies.  Our  model  reconciles  two  widely 
accepted  but  apparently  contradictory  assumptions:  one,  that  Cu  in  CdS  is  a  fast  diffusor  which  moves  as  an 
interstitial,  and  hence  is  a  donor,  and  the  other,  that  Cu  compensates  donors  in  CdS  and  hence  effectively  acts  as 
an  acceptor. 

To  check  the  model  experimentally,  CdS  ^^ijiples  were  prepared  by  pre-doping  pure  CdS  with  In  via 
implantation.  The  immediate  surrounding  of  In  atoms  is  determined  by  Perturbed  Angular  Correlation  (PAC) 
spectroscopy.  Samples  were  engineered  by  appropriate  annealing  to  contain  both,  isolated  In  atoms  in  substitutional 
Cd  lattice  site,  Incd^ ,  that  are  donors,  and  In  atoms  forming  pairs  with  cadmium  vacancy,  Vcd.  at  next-neighbor 
position,  (Incd^-Vcd  ')'  ^  ikat  are  acceptors.  Then  Cu  was  evaporated  on  the  surface  of  CdS.  Following  Cu 
evaporationmo  new,  Cu  related,  PAC  frequency  was  obtained,  the  only  change  being  gradual  increase  of  the 
(Incd^‘^Cd  )  component  with  simultaneous  decrease  of  In^d^  component.  After  one  week  at  room  temperature 
the  fraction  of  In  atoms  forming  (Incd^-^Cd  )  reached  100%,  and  the  PAC  signal  of  isolated  In^d 
atoms  disappeared  totally. 

In  the  light  of  the  presented  model  previously  reported  results^on  electrical  compensation  of  Cu  doped  CdS  and 
results  obtained  with  a  number  of  other  experimental  techniques  should  be  re-interpreted:  Donors  are  compensated 
by  cadmium  vacancies  which  are  spontaneously  created  due  to  the  presence  of  Cu,  and  trapped  by  donors  -  they 
are  not  compensated  directly  by  Cu  acceptors.  Our  model  is  compatible  with  the  only  PAC  results  on  fast 
diffusors  hitherto  reported  in  II-VFs,  where  Li  doping  also  considerably  increases  the  concentration  of  (In- 
Vcation)  in  CdS,  ZnS  and  ZnTe,  although  at  higher  temperatures  .  Considering  the  similarities  between  Cu 
and  other  fast  diffusing  species  like  Ag,  Au,  Na,  Li...  and  relatively  high  ionicity  of  most  II- VI  compounds(49- 
90%),  it  seems  plausible  that  the  same  mechanism  of  indirect  compensation  caused  by  diffusion-induced  cation 
vacancies,  can  explain  compensation  effects  observed  for  other  fast  diffusors  in  CdS  and  in  many  other  II-VI 
compounds  as  well. 

[1]  T.  Yamagami  et  al.,  Jpn.  J.  Appl.  Phys.  33,  3234  (1994),  J.L.  Sullivan,  IEEE  SU-32, 71  (1985),  Phys.  Rev.  B, 

184  (1969),  B.  Lepley  at  al.  J.  Phys  D,  12,  1917  (1979),  and  a  number  of  other  Cu:CdS  papers. 

[2]  H.  Wolf  at  al.,  Proc.  18-ICDS,  Mat.  Sci.  Forum  196-201  (Trans.  Tech  Publ.  1995)  p.  321 
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MICROSCOPIC  PROPERTIES  OF  N  IMPLANTED  INTO  ZnSe 


K  Marbach.  M  Fullgrabe,  M  Heemeier,  B  Ittermann,  F  Kroll,  F  Mai,  P  Meier,  D  Peters,  H  Thiess, 
H  Ackermann,  H-J  Stockmann,  W-D  Zeitz*,  H  Wenisch,  D.Hommel 

Universitat  Marburg,  Fachbereich  Physik,  D-35032  Marburg,  Germany 
*Hahn-Meitner-Institut,  Bereich  FD,  D- 1 41 09  Berlin,  Germany 
Universitat  Bremen,  Inst,  fur  Festkorperphysik,  D-28359  Bremen,  Germany 

Key  Words:  ZnSe,  nitrogen,  acceptor  doping,  ion  implantation 

We  report  our  first  results  on  microscopic  properties  of  N  implanted  into  single-crystalline  ZnSe  obtained  by 
b — radiation  detected  nuclear  magnetic  resonance  (p  NMR). 

Spin  polarized,  p — active  probe  nuclei  were  produced  in  a  nuclear  reaction  and  recoil-implanted  into  the 

undoped  sample  (MBE  grown  on  GaAs  substrate)  with  an  energy  of  up  to  1.5  MeV.  ‘^N  (Tj/2  “  ^  ^  decays 
into  '^C,  the  concentration  of  implanted  N  never  exceeded  10^  /  cm  ^  (less  than  10  ^  probes  simultaneously 
present  in  the  sample).  This  high  sensitivity  of  a  nuclear  technique  combined  with  the  resolution  of  nuclear 
magnetic  resonance  makes  P  NMR  quite  a  useful  tool  to  investigate  microscopic  properties  of  isolated  impurities 
after  implantation. 

From  the  observation  of  an  unperturbed  Larmor  resonance  we  conclude  that  already  at  room  temperature  part  of 
the  implanted  N  ends  up  at  lattice  sites  with  full  cubic  symmetry  and  is  in  a  diamagnetic  charge  state.  A  definite 
identification  of  this  site  still  has  to  be  done,  for  a  group  V  impurity,  however,  symmetry  and  charge  state 
strongly  favour  the  interpretation  that  this  signal  corresponds  to  i.e.,  the  regularly  ionized  acceptor. 

The  signal  intensity  as  a  function  of  implantation  temperature  stays  constant  up  to  about  500  K,  followed  by  an 
increase  by  a  factor  of  six.  Saturation  is  reached  at  900  K.  A  preliminary  analysis  of  this  temperature  dependence 
suggests  the  following  picture:  at  room  temperature  the  implanted  N  is  predominantly  trapped  at  some 
paramagnetic  defect  where  it  gets  rapidly  depolarized.  At  higher  temperatures  this  complex  breaks  up  and  we 
get  isolated  Within  this  model  we  obtain  a  value  of  0.51(6)  eV  for  the  dissociation  energy. 

Even  in  this  early  stage  of  our  experiments  it  may  be  concluded  that  our  data  considerably  shake  the  widespread 
assumption  that  the  introduction  of  electrically  active  acceptors  into  ZnSe  is  not  possible  by  ion  implantation. 
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ANION  SITE  VACANCIES:  DONOR  AND  ACCEPTORLIKE  DEFECTS 


Jim  Chadi 

NEC  Research  Institute,  4  Independence  Way,  Princeton,  NJ  08540 

It  is  well  known  and  generally  well  accepted  that  in  III-V  and  II-VI  semiconductors  anion-site  vacancies  are 
donorlike  whereas  cation-site  defects  are  acceptorlike.  A  surprising  result  we  have  obtained  recently  from  first- 
principles  calculations  is  that,  depending  on  atomic  relaxation,  anion-site  vacancies  in  III-V  and  II-VI 
semiconductors  can  be  either  donorlike  or  acceptorlike.  For  example,  we  find  that  an  As  vacancy  in  GaAs  can  be 
either  a  triple  donor  or  a  triple  acceptor  and  that  a  Te  vacancy  in  ZnTe  can  be  either  a  double  donor  or  a  double 
acceptor.  This  duality  of  electrical  behaviour  is  not  found  for  cation  site  vacancies.  The  result  that  anion  site 
vacancies  can  be  acceptorlike  has  important  implications  for  the  n-doping  of  semiconductors.  Since  both  anion 
and  cation  site  vacancies  can  be  acceptorlike  defects,  it  becomes  possible  to  consider  stoichiometric  defects 
consisting  of  equal  numbers  of  each  vacancy  and  to  calculate  the  absolute  formation  energy  involved  in  the 
passivation  of  donor  impurities  by  vacancies.  Using  this  approach  we  find  that  vacancy  formation  in  n-doped 
ZnTe  is:  highly  exothermic;  cannot  be  avoided  by  changing  growth  conditions;  and  is,  therefore,  the  most  likely 
cause  of  the  problems  encountered  in  the  n-type  doping  of  this  compound.  Our  results  provide  an  explanation 
for  the  unexpected  identification  [1]  of  Se-site  vacancies  in  n-type  ZnSSe  alloys  from  positron  annihilation 
experiments  because  up  to  now  these  vacancies  have  been  thought  to  be  positively  charged  and  not  detectable  by 
positrons.  We  show  that  it  is  not  necessary  to  assume  complex  formation  with  an  acceptor  defect  to  explain  the 
negative  charge  state  of  this  vacancy. 

[1]  K.  Saarinen  et  al.,  Phys.  Rev.  Lett.  77,  3407  (1996). 
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CHARACTERIZATION  OF  II-VI  SEMICONDUCTORS  BY  POSITRON 
LIFETIME  SPECTROSCOPY  WITH  IN-SITU  OPTICAL  EXCITATION 


G.  Tessaro  and  P.  Mascher 

Center  for  Electrophotonic  Materials  and  Devices,  Department  of  Engineering  Physics, 

McMaster  University,  Hamilton,  Ontario,  Canada 

Semiconductor  devices  such  as  light-emitting  diodes  that  operate  in  the  blue-green  to  near  infrared  region  of  the 
spectrum  are  of  substantial  interest  for  optoelectronic  applications.  For  superior  device  performance,  defects  in 
these  semiconductors  must  be  thoroughly  identified  and  characterized.  One  of  the  techniques  to  perform  this 
task  is  positron  lifetime  spectroscopy  (PLS),  which  is  a  powerful  tool  for  characterizing  vacancy  type  defects  in 
single  crystal  materials. 

In  this  report  we  will  present  the  results  of  a  systematic  investigation  of  the  vacancy  type  defects  in  several 
single  crystal  Cd  and/or  Zn  based  semiconductor  samples  (CdTe,  CdZnTe,  CdTeSe,  ZnSe,  and  ZnS)  using  a 
state  of  the  art  PLS  system.  In  the  as  grown  state,  CdTe  contains  defects  of  monovacancy  character,  with  positron 
lifetimes  in  good  agreement  with  the  published  literature.  The  addition  of  about  8%  Se,  however,  changes  the 
defect  profile  dramatically,  resulting  in  significantly  smaller  concentrations  (by  about  a  factor  3)  of  larger  vacancy 
complexes.  A  detailed  study  of  the  electronic  charge  state(s)  of  these  defects  as  well  as  their  thermal  stabilities  is 
in  progress.  The  Zn-based  materials  also  contain  vacancy-type  defects  in  the  as  grown  state,  with  concentrations 
ranging  from  about  4¥10^®  to  >  1¥10'’  cm'^  for  ZnSe  and  ZnS,  respectively. 

The  experimental  setup  also  allows  both  low  temperature  measurements  and  illumination  of  the  samples  with 
monochromatic  light  during  the  positron  lifetime  measurement.  The  purpose  of  the  illumination  is  to  investigate 
the  influence  of  optical  excitation  on  the  PLS  signals.  Photoluminescence  results  are  used  as  a  guide  for  the  PLS 
measurements  to  indicate  possible  defects  in  the  materials  that  are  optically  active  and  to  determine  the  ideal 
wavelengths  with  which  to  illuminate  the  samples. 
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NMR  STUDY  OF  CARRIER  STATES  AND  TRAPPING  COMPLEXES  IN 
THE  TRANSPARENT  CONDUCTOR  ZNO 


W.W.  Warren.  Jr.*.  N.  Roberts*,  R.-R  Wang**  and  A .  W.  Sleight** 

^Department  of  Physics  and  **Department  of  Chemistry,  Oregon  State  University,  Corvallis 

Oregon  97331,  USA 


Key  Words:  II-VI  compounds,  NMR,  impurity  state,  complexes,  transparent  conductors 

Zinc  oxide  can  be  doped  with  high  concentrations  of  group  III  donors  to  yield  conductivity  values  exce|^^ing 
^000  (ohm  cm)'  while  retaining  high  transparency  to  visible  light.  Using  NMR  of  the  impurity  nuclei  (  Ga, 
AI)  we  have  investigated  the  structural  and  electronic  environments  of  Ga  and  A1  dopants  in  ZnO.  The 
experiments  cover  the  range  of  dopant  concentration  from  0.03  at.  %  up  to  3.0  %  which  is  close  to  the 

solubility  limit. ^e  small  axial  distortion  revealed  by  the  quadrupolar  perturbed  ”  ua  NMR  line  establishes 
that  most  of  the  ^^Ga  observed  in  “stoichioi^^tric”  sarnies,  Znj.xGaxO,  is  substitutional  Gazn-  The  NMR  shift 
and  nuclear  spin-lattice  relaxation  rates  of  ua  and  Al  at  such  sites  are  dominated  by  magnetic  hyperfine 
coupling  to  the  spins  of  conduction  electrons.  At  high  concentrations  (x>  0.005)  the  shift  and  relaxation  rates  are 
characteristic  of  coupling  to  carriers  introduced  into  the  host  crystal  conduction  band  by  shallow  effective  mass 
donors.  However,  a  distinct  impurity  band  with  a  sharply  enhanced  density  of  states  develops  rapidly  as  the 
dopant  concentration  is  reduced  below  this  concentration.  The  carrier  spin  dynamics  revealed  by  the  impurity 
nuclear  spin-lattice  relaxation  rate  show  that  the  carriers  behave  essentially  as  weakly  interacting,  nearly  fre^ 
electrons,  even  within  a  narrow  impurity  band.  This  observation  contrasts  markedly  with  impurity  NMR  results  ^  ’ 
in  Si:P  and  Si:B  in  which  strong  carrier  spin-fluctuations  develop  in  heavily-doped  samples  well  above  the 
metal-insulator  transition. 

Our  ZnOiGa  samples  also  contain  a  second  class  of  Ga  sites,  whose  broad  NMR  lines  show  that  their  local 
environments  are  highly  distorted  compared  with  Ga2n*  The  relative  concentration  of  distorted  sites  increases 
strongly  with  increasing  oxygen  content  in  a  series  of  “non-stoichiometric”  samples  Zno,98Gao.o20l+z 
values  of  z  ranging  from  -0.012  to  +0.010.  In  our  most  oxygen-rich  sample  (z  =  0.010),  the  proportion  of  Ga^n 
substitutional  sites  is  reduced  to  about  5%  of  the  total  observed  Ga.  Their  spin-lattice  relaxation  rates  show  that 
the  distorted  sites  are  decoupled  from  the  conduction  electron  spin  density,  i.e.  these  are  diamagnetic  defects. 
Increase  in  the  relative  proportion  of  distorted  sites,  and  corresponding  decrease  of  Gazn  sites  correlates  with 
decreasing  conduction  electron  density  at  Ga^n  and  a  sharp  drop  in  DC  electrical  conductivity,  especially  in 
samples  with  excess  oxygen  (z  >  0).  We  propose,  therefore,  that  the  carrier  density  is  controlled  by  the  concentration 
of  Gazn  and  that  the  distorted  sites  are  two-electron  traps.  Their  relationship  to  excess  oxygen  suggests  that  Ga 

3+  2- 

in  these  defects  is  complexed  with  an  oxygen  interstitial  to  form,  for  example,  Ga2‘  Oj  . 

1  S.E.  Fuller,  E.  M.  Meintjes,  and  W.  W.  Warren,  Jr.,  Phys.  Rev.  Lett.  76,  2806  (1996). 

2  E.  M.  Meintjes  and  W.W.  Warren,  Jr,  Bull.  Am.  Phys.  Soc.  41,  440  (1996). 
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DEGRADATION  IN  II-VI  LASER  DIODES 
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Key  Words:  ZnMgSSe,  laser  diode,  recombination  enhanced  defect  reaction 

Since  Haase  etal.  demonstrated  the  first  II-VI  laser  diodes  (LDs)  at  77  K[  1],  LDs  based  on  II-VI  semiconductors 
have  been  further  developed.  We  have  recently  achieved  a  device  lifetime  exceeding  100  hours  under  room- 
temperature  continuous-wave  operation  by  reducing  the  density  of  pre-existing  stacking  faults  which  are  nucleation 
sources  for  the  rapid  degradation [2].  However,  further  extension  of  the  device  lifetime  is  necessary  for  practical 
applications.  Understanding  the  degradation  mechanism  is  a  key  to  further  improvement.  During  device  operation, 
semiconductor  materials  are  never  in  thermal  equilibrium  conditions  but  excited  conditions,  where  excess  electrons 
and  holes  exist  and  could  recombine  and  the  energy  could  be  released  either  radiatively  or  nonradiatively.  In 
such  conditions,  defect  reaction  in  the  material  could  not  be  pure  thermal  process.  The  important  concept  of 
recombination-enhanced  defect  reactions  (REDR)  by  nonradiative  recombination  of  free  carriers  in  the  vicinity 
of  defects  was  proposed  by  Weeks  et  aL[3]  In  this  case,  pre-exisiting  defects  are  needed  as  seeds  of  defect 
reaction. 

The  other  defect  reaction  process  could  also  occur.  That  is  the  defect  generation  by  e-h  recombination  from  the 
host  lattice  itself.  This  process  is  known  as  weak-bond-breaking  model  for  amorphous  Silicon[4].  In  this  case, 
the  material  will  degrade  easily  if  there  is  no  pre-existing  defect.  Since  bond  energy  is  smaller  than  bandgap 
energy  in  II-VI  wide-gap  materials,  this  process  was  suspected  to  happen  in  II-VI  devices. 

To  investigate  the  degradation  process,  we  analyzed  the  time  dependence^  of  the  optical  output  degradation 
under  constant  current  aging  condition  and  obtained  time-dependence  of  t  ,  which  is  obtainable  by  assuming 
pre-existing  defects  are  seeds  of  the  degradation.  We  conclude  that  the  II-VI  LDs  degrade  not  catastrophically, 
but  gradually  as  well  as  III-V  materials. 

REDR  process  implies  that  there  are  three  ways  to  improve  the  device  reliability:  the  first  is  to  lower  the 
operation  current  density  to  suppress  nonradiative  e-h  recombination.  The  second  is  to  reduce  pre-existing  defect 
density.  The  third  is  to  suppress  the  generation  or  propagation  of  defects.  Based  on  these  degradation-suppression 
ways,  further  improvement  of  reliability  will  be  possible. 

1 .  M.  A.  Haase,  J.  Qiu,  J.  M.  DePuydt,  and  H.  Cheng  1991  Appl.  Phys.  Lett.  59  1272 

2.  S.  Taniguchi,  T.  Hino,  S.  Itoh,  K.  Nakano,  N.  Nakayama,  A.  Ishibashi,  and  M.  Ikeda  1996  Electron.  Lett.  32 
552 

3.  J.  D.  Weeks,  J.  C.  Tully,  and  L.  C.  Kimerling  1 975  Phys.  Rev.  B12  3286 

4.  M.  Stutzmann,  W.  B.  Jackson,  and  C.  C.  Tsai  1985  Phys.  Rev.  B32  23 
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In  this  work  we  show  that  the  diffusion  of  lithium  in  GaAs  is  trap-limited  at  high  doping  levels.  We  determine 
the  intrinsic  diffusivity  of  lithium  in  GaAs  experimentally  for  the  first  time.  Previously  published  values  for  the 
diffusion  coefficient  were  obtained  from  measurements  on  heavily  doped  material  where  the  diffusivity  was 
strongly  reduced  due  to  the  formation  of  Li-related  complexes  [1].  From  our  work,  we  determine  a  migration 
energy  E^  =  0*67  eV,  indicative  of  an  interstitial  diffusion  process.  We  also  find,  in  accordance  with  previous 
studies,  that  complexes  involving  several  Li  atoms  and  native  defects  are  formed  in  heavily  Li-doped  samples, 
effectively  reducing  the  diffusivity  of  Li  by  several  orders  of  magnitude.  We  address  the  identity  of  these  lithium- 
related  defect  complexes  using  a  combination  of  different  experimental  techniques. 

Sharp  bound  exciton  lines  appear  in  the  photoluminescence  spectrum  of  semi-insulating  GaAs  after  lithium 
diffusion  at  400-500  ‘’C.  In  /z-type  GaAs  heat  treatment  at  950°C  produces  the  same  lines,  which  were  attributed 
to  excitons  bound  to  a  double  Voa-GaAs  acceptor  [2].  In  order  to  test  the  effect  of  lithium  diffusion  at  low- 
temperatures  on  the  gallium  vacancy  concentration  of  GaAs,  positron  lifetime  experiments  were  performed.  We 
observe  a  clear  correlation  between  the  Voa  concentration  and  the  intensity  of  the  bound  exciton  lines.  The  role 
of  Li  in  lowering  the  formation  energy  for  gallium  vacancies  in  GaAs  will  be  discussed. 

We  also  present  investigations  on  undoped,  «-type,  p-type  and  semi-insulating  GaAs,  diffused  above  700°C  to 
Li  concentrations  well  above  the  shallow  doping.  This  always  produces  highly  resistive  samples  through  self¬ 
compensation  of  lithium.  Heat  treatment  below  500°C  caused  p-type  conductivity  in  all  types  of  starting  material. 
We  find  that  the  hole  concentration  obtained  by  the  out-diffusion  of  lithium  is  connected  to  the  acceptor 
concentration  established  by  the  high-temperature  Li-diffusion  for  all  of  the  starting  materials.  This  agrees  with 
previous  observations  for  undoped  and  «-type  GaAs  [1].  The  effect  of  the  acceptors  in  the  as-diffused  samples 
on  the  eventual  hole  concentration  is  supported  by  infrared  absorption  measurements  which  reveal  the  same 
local  vibrational  mode  spectrum  in  all  the  as-diffused  samples.  Positron  measurements  show  that  all  of  the  heat- 
treated  samples  exhibit  strongly  enhanced  V^a  concentrations  irrespective  of  starting  material,  thus  establishing 
the  involvement  of  V^a  the  acceptors.  In  the  paper  we  discuss  the  defect  reactions  in  the  two-step  process 
resulting  in  the  p-type  conduction. 

[1  ]  C  S  Fuller  and  K  B  Wolfstim  1962  J.  AppL  Phys.  33  2507 
[2]  P  W  Yu,  D  C  Look,  and  W  Ford  1 987  J.  AppL  Phys.  62  2960 
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Equilibrium  detects  m  GaAs  are  not  well  understood  and  are  still  a  matter  of  continuos  discussion  Especially 
little  is  known  on  the  formation  of  vacancies  at  high  temperatures  This  is  mainly  due  to  the  lack  of  appropriate 
experimental  tools  A  powerful  method  for  the  study  of  vacancies  in  semiconductors  is  positron  annihilation  This 
method  is  limited  to  the  detection  of  negative  and  neutral  vacancies  as  well  as  to  negatively  charged  ions,  such 
as  Ga^’As  This  is  not  a  strong  restriction  in  n-type  material,  since  both  monovacancy  types  are  expected  to  be 
negatively  charged  The  positron  technique  is  hardly  applicable  at  the  required  high  temperatures,  such  as  1(X)0°C 
Thus,  the  vacancies  introduced  by  post-growth  annealings  were  preserved  by  fast  quenching.  The  annealings 
were  performed  in  a  quartz-glass  ampoule  arranged  in  a  two-zone  furnace,  allowing  us  to  tune  the  As-vapour 
pressure  and  the  sample  temperature  independently.  Using  this  equipment,  we  studied  the  equilibrium  defects 
introduced  during  high-temperature  annealings  under  defined  As-vapour  pressure  We  systematically  varied 
annealing  temperature,  As-partial  pressure,  annealing  time,  and  quenching  rate  for  Te-doped  GaAs  The  results 
will  be  discussed  in  the  light  of  the  existing  theoretical  knowledge  on  equilibrium  defects 
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The  incorporation  of  non-stoichiometric,  excess  As  in  GaAs  produces  native  defects  such  as  AsGa»  antisite 
defects,  Asj  interstitials  or  Vq^  vacancies.  In  GaAs  grown  by  MBE  at  temperatures  near  200°C  (LT-GaAs)  we 
found  wkh  magnetic  resonance  and  optjcal  absoption  spectroscopies  neutral  Asqa  in  concentrations  up  to 
10  cm'"^  and  ionized  Asoa^  around  10^  cm’^.  These  concentrations  are  decreasing  with  increasing  growth 
temperature,  but  can  be  well  reproduced  if  careful  control  of  substrate  temperature  and  As/Ga  flux  ratio  is 
established.  The  concentration  of  the  ionized  Asca  antisite  defects  was  found  to  correlate  surprisingly  well 
with  three  times  the  concentration  of  VGa  vacancies  detected  by  slow  positron  annihilation  in  these  thin  films. 
This  finding  allows  the  conclusion  that  triple  acceptors  are  indeed  the  dominant  native  acceptor  in  these 
layers.  Subpicosecond  electron  response  time,  as  measured  e.g.  optically  by  pump-probe  transient  absorption  or 
reflection,  was  found  to  be  related  to  [Asgi"*^],  indicating  that  electron  trapping  dominates  these  ultrafast  processes. 
In  undoped  LT-GaAs,  the  ionized  [AsQa  ]  niay  amount  to  about  5%  of  the  total  concentration  of  As^a* 

In  order  to  decrease  the  trapping  time  in  MBE-GaAs  grown  at  higher  temperatures,  we  studied  p-doping  with  Be 
to  introduce  in  a  controlled  way  further  acceptors.  For  high  Be-doping  levels  we 
times  even  at  growth  temperatures  of  T=300°C,  together  with  an  increased  [AsQa 
was  found  to  be  increased  above  50%.  Furthermore,  the  [AsQal  in  Be-doped  LT-GaAs  turned  out  to  be  higher 
and  more  stable  upon  annealing  then  in  undoped  LT-GaAs  grown  at  the  same  temperature.  Compensation  of  the 
compressive  strain  of  AsQa  by  the  tensile  strain  around  the  small  Beoa  acceptors  is  suggested  to  play  a  role  in 
this  stabilization.  A  thermally  stable,  high  Asca^  and  AsQa^  concentration  due  to  the  incorporation  of  appropriate 
impurities  offers  new  prospects  for  the  application  of  As-rich  GaAs  such  as  in  ultrafast  optoelectronics. 


_ _ 

^].  The  ratio  [Asca^]  /  [Asoa  J 
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Investigations  of  electrically  detected  magnetic  resonance  (EDMR)  via  spin^dependent  recombination  (SDR)  in 
a  delta  doped  (Si)  GaAs  sample  grown  by  the  molecular  beam  epitaxy  at  300  C  (LT-MBE)  in  a  [3 1 1]-A  direction 
have  shown  the  signals  due  to  an  arsenic  anti  site-related  defect.^'Hie  sample  consists  of  a  delta  doped  region  with 
a  two  dimensional  Si  concentration  of  about  N2D  =  3.4  x  10  cm’  within  0.2  pm  of  MBE  GaAs  grown  at 
300X.  The  observed  EDMR  spectrum  shows  the  well-known  quartet  hyperfine  split  spectrum  of  an  As  antisite 
-  related  defect  with  a  g  -  factor  of  2.045  and  a  hyperfine  splitting  due  to  As  (I  =  3/2)  of  2600  MHz.  The  EDMR 
parameter  are  very  similar  to  those  for  the  EL2  defect  observed  in  bulk  GaAs. 

Optically  detected  magnetic  resonance  (ODMR)  investigations  in  similar  grown  MBE  GaAs  have  shown  high 
concentrations  of  As  anti  site-related  defects  [1].  Whether  these  defects  belong  to  EL2  or  another  As  antisite- 
related  defect  is  not  the  matter  of  the  present  discussion.  In  this  contribution  we  concentrate  our  discussion  on 
the  mechanism  which  can  be  responsible  for  the  observation  of  the  EDMR  spectrum  in  terms  of  spin-dependent 
recombination  processes,  i.e.  donor  -  acceptor  recombination  and  the  role  of  spin  polarization  effects.  The 
observation  of  an  As  anti  site-related  defect  in  this  slightly  n-type  GaAs  under  illumination  is  only  explainable  in 
terms  of  conduction  in  two  distinct  conducting  channels.  The  present  discussions  are  important  for  the  investigation 
of  other  devices  based  on  III-V  semiconductors. 

[1]  K.  Krambrock,  M.  Linde,  J.-M.  Spaeth,  D.  C.  Look,  D.  Bliss  and  W.  Walukiewicz,  Semicond.  Sci.  Technol.,  7, 
1037(1992). 
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An  important  class  of  intrinsic  defects  in  compound  semiconductors  of  type  AB  are  antisites  where  an  A  atom  is 
placed  on  a  5  site  or  vice  versa  and  it  is  an  interesting  topic  to  know  the  energy  levels  of  these  defects.  It  is  still 
an  open  question  what  the  levels  of  the  GaAs  antisite  in  GaAs  are.  From  valence  arguments  GaAs  should  act  as 
a  double  acceptor.  In  agreement  with  this  GaAs  grown  from  a  Ga  rich  melt  is  often  p-type  with  an  acceptor  state 
at  78  meV  and  exhibits  a  photoluminescence  (PL)  emission  at  1 .441  eV  [  I  ] .  Therefore  this  level  and  this  emission 
is  often  assigned  to  the  GaAs  antisite  [2],  however,  there  is  also  evidence  that  this  level  is  due  to  Bas  [3]. 

The  only  way  to  create  GaAs  antisites  in  GaAs  in  a  controlled  way  and  m  avoid  the  introduction  of  any  other 
defect  during  the  formation  process  is  the  transmutation  of  radioactive  As  to  stable  Ga.  In  addition,  this 
approach  offers  the  possibility  to  use  the  nuclear  life-time  of  the  involved  isotopes  as  element  specific  labels  to 
identify  the  levels  of  the  GaAs  antisite. 

We  doped  GaAs  with  radioactive  ^*As  by  ion  implantation  (260  keV,  3X10^^  cm  at  ISOLDE  at  CERN 
followed  by  annealing  at  1 123  K.  After  this  As  occupies  As  lattice  sites  in  GaAs.  Then  it  transmutes  via  the 
radioactive  decay  chain  ^  ^  As As  CP_  =  64  h)  ^  Gcas  (T_  ==  1 1 .2  d)  Gbas  to  stable  Ga  creating  Gbas  antisites 
in  GaAs.  This  chemical  transmutation  was  monitored  with  PL  spectroscopy  at  4.2^K.  Within  the  first  days  after 
doping  with  As  the  intensity  of  the  {e,GeAs)  line  at  1 .479  eV  is  increasing  since  ^^Gcas  acceptors  are  created 
by  the  decay  of  ^ ^  Asas  to  ^ ^ Ge as-  Then  the  (e,GeAs)-intensity  is  decreasing  with  the  half-life  of  GeAs  ( 1 L2 
d)  since  GeAs  is  transmuting  to  ^^Gbas  and  after  100  days  no  (g,GeAs)  emission  can  be  detected  any  longer. 
This  transient  behavior  confirms  the  assignment  of  the  1 ,479  eV  line  to  the  acceptor  state  of  GeAs  and  it  proves 
that  finally  all  ^  ^ GeAs  acceptors  transmuted  to  ^ ^ Gbas  antisite  defects.  From  this  and  the  implanted  As  dose 
we  conclude  that  finally  the  implanted  layer  is  doped  with  Gbas  antisites  distributed  in  a  Gaussian  shaped 
profile  centered  at  1 10  nm  depth  with  a  width  of  50  nm  and  a  peak  concentration  of  up  to  2x10  '  cm"  . 

Remarkably,  at  this  final  state  the  PL  spectra  of  all  Gbas  doped  samples  do  not  differ  from  spectra  of  samples 
which  have  been  only  annealed  and  not  implanted.  This  shows  that  there  is  no  intense  PL  emission  from  Gbas 
antisites  between  1.515  and  0.9  eV.  In  particular  we  do  not  observe  a  PL  line  at  1.441  eV!  This  line  and  the 
corresponding  78-meV  acceptor  level  is  often  assigned  to  Gbas  antisite  defects.  However,  our  results  show,  that 
this  assignment  is  not  correct  and  that  the  78-meV  acceptor  level  in  Ga-rich  GaAs  belongs  to  another  defect  (a 
possible  candidate  might  be  Bas  [3]). 

[1]  for  a  short  review,  see  J.  C.  Burgoin,  H.  J.  Bardeleben,  and  D.  Stievenard,  J.  Appl.  Phys.  64,  R65  (1988), 

Section  III.  H,  and  references  therein. 

[2]  see,  e.g.,  P.W.  Yu,  D.W.  Fischer,  and  J.R.  Sizelove,  Semicond.  Sci.  Technol.  7, 556  (1992). 

[3]  R.  C.  Newman,  et  a!.,  in  Proc.  of  the  17th  Inti  Conf.  On  Defects  in  Semiconductors,  ed.  by  H.  Heinrich  and 
W.  Jantsch  (Mat.  Sci.  Forum  143-147,  Trans  Tech  Publications,  Aedermannsdorf,  1994)  p.  229. 
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A  set  of  slightly  n-type  GaAs  materials  (10^"^  <  n  <  10^^  cm'^  at  room  temperature)  from  different  suppliers 
have  been  studied  by  optical  absorption  and  optically  detected  magnetic  resonance  (ODMR)  via  the  magnetic 
circular  dichroism  of  optical  absorption  (MCDA).  In  all  samples  the  spectrum  of  neutral  EL2,  EL2  ^  h^^ve 
measured  by  optical  absorption.  By  using  a  weak  measurement  light  intensity  (photon  flux  about  10  cm  s  ) 
a  metastable  population  of  paramagnetic  EL2,  EL2^,  have  been  observed  by  MCDA  within  a  few  minutes  at  1 .5 
K.  As  expected  by  extrapolation  of  the  measurement  light  intensity  to  zero,  no  paramagnetic  EL2  could  be 
observed  in  darkness  in  these  slightly  n-type  GaAs  samples.  In  addition,  MCDA  and  optically  detected  electron 
paramagnetic  resonance  (ODEPR)  have  shown  the  spectrum  of  a  defect  of  unknown  origin,  previously  called 
D1  [1].  However,  the  signals  due  to  D1  were  not  affected  by  the  metastable  population  of  EL2  . 

The  observations  suggest  that  electron  centers  with  high  optical  cross  sections  different  from  EL2  exist  in  n-type 
GaAs  with  energy  levels  in  the  upper  part  of  the  bandgap.  The  electrons  liberated  from  EL2  via  the  process 
EL2^  =>  EL2'^  -I-  e'cB  be  captured  by  these  electron  centers.  The  population  of  the  defects  by  electrons  is 
metastable  in  the  sense  that  the  depopulation  takes  place  only  by  heating  the  samples  up  to  about  100  K,  a 
temperature  near  to  the  recovery  temperature  of  about  1 30  K  of  metastable  EL2.  From  the  determination  of  the 

mtration  of  electron  capture  centers  of  the  order 
in  GaAs  other  than  EL2  have  been  demonstrated 
for  the  oxygen  defect  [2]  and  probably  for  defects  which  belong  to  reverse  contrast  [3].  Our  samples  do  not 
contain  any  oxygen-related  defects.  Further,  a  correlation  to  reverse  contrast  could  not  be  established.  In  the 
present  contribution  we  discuss  different  models  for  those  new  electron  capture  centers  which  show  metastable 
properties. 

[1]  M.  Jordan,  M.  Linde,  T.  Hangleiter  and  J.  -  M.  Spaeth,  Semicond.  Sci.  Technol.,  7, 731  (1992). 

[2]  M.  Linde,  J.  -  M.  Spaeth  and  H.  Ch.  Alt,  Appl.  Phys.  Lett.,  67,  662  (1995). 

[3]  S  Tuzemen,  L.  Breivik  and  M.  R.  Brozel,  Semicond.  Sci.  Technol.,  7,  A36  (1992). 


metastable  population  of  paramagnetic  EL2  we  estimate 
of  1 0^^  cm"^.  The  existence  of  defects  with  metastable  properties 
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Disorder  is  introduced  into  GaAs  by  implantation  of  ^^Si"*^  ions  and  studied  by  Raman  scattering,  RS.  A  very 
wide  range  of  ion  doses  (8x10  -3x10  /cm  ),  dose  rates,  and  implant  temperatures  was  used.  RS  spectra  were 

deconvoluted  in  a  novel  way  so  that  the  apparent  ‘background’  signal  was  also  included  in  the  analysis.  New 
arguments  are  given  that:  a)  this  ‘background’  is  in  fact  a  low  frequency  peak  and  hence  a  meaningful  signal, 
equivalent  to  the  analogous  ‘boson  peak’,  BP,  regularly  observed  in  glassy  solids,  and  b)  represents  a  specific 
amorphous  phase,  different  than  a  well  known  continuous-random-network  amorphous  phase,  a-CRN. 

A  systematic  and  self-consistent  behavior  of  the  BP  signal  is  observed  in  all  studied  implantation  conditions.  BP 
is  the  only  component  of  RS  spectra  whose  relative  intensity  was  always  proportional  to  the  total  disorder,  as 
evaluated  by  RBS,  regardless  as  to  whether  higher  disorder  is  produced  by  higher  dose,  or  higher  rate  or  lower 
implant  temperatures.  BP  increases  monotonically  with  the  total  disorder  at  the  expense  of  fractions  of  other 
crystalline  and  a-CRN  components.  Particularly,  for  already  completely  amorphized  layer,  after  all  crystalline- 
phase-related  peaks  had  disappeared,  further  implantation  converts  the  a-CRN  into  a-BP.  Relative  fractions  of 
these  two  amorphous  components  can  be  changed  in  a  predictable  way  by  varying  implantation  parameters: 
dose,  rate,  and  implant  temperature. 

These  results  are  consistent  with  the  physical  picture  in  which  the  BP  signal  in  a-GaAs  has  been  interpreted 
within  the  fractal  model  .  The  amorphous  phase  in  GaAs  is  then  understood  as  a  two-phase  composite  of  strained 
nanometer-size  regions  within  relaxed  continuous  random  network.  The  excess  vibrational  states  in  RS  and  the 
resulting  ‘boson  peak’  originate  from  the  strained  bonds  within  these  ‘blobs’  and  at  the  interfaces  of  these  two 
regions.  Analysis  of  temperature  dependence  revealed  that  for  any  selected  dose  and  rate  a-BP  component  is 
much  more  sensitive  to  the  implantation  temperature,  Tjj^pi,  than  a-CRN.  For  example,  for  the  dose  3x10  /cm"^ 
the  a-BP/a-CRN  intensity  ratio  is  400%  lower  forTjjjipi  =  40^t  than  forTin^pi  =  -2^t.  Hence,  a-BP  structure  is 
thermally  less  stable  and  can  be  drastically  decreased  by  appropriate  selection  of  implantation  parameters.  On 
the  other  hand,  a-BP  relative  fraction  can  be  considerably  increased  by  additional  implantation,  i.e.  by  additional 
impact-energy  transfer  to  the  layer.  a-BP  can  thus  be  envisioned  as  a  metastable  structure  of  amorphous  phase 
having  higher  free  energy  than  a  regular  a-CRN 

^  M.  Ivanda,  I.  Hartman  and  W,  Kiefer,  Phys.  Rev.  B,  51,  1567  (1995) 
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Magnetic  resonance  studies  on  radiation  damage  in  GaAs  have  primarily  been  conducted  on  material  irradiated 
with  electrons.  There  have  been  many  studies  on  the  electronic  and  structural  characterisation  of  defects  introduced 
during  this  type  of  particle  irradiation.  Proton  and  heavier  particle  irradiation  are  used  extensively  in  device 
isolation  and  definition,  yet  there  is  very  little  know  regarding  the  structural  properties  of  defects  introduced  by 
these  particles. 

In  this  study,  using  optically  detected  magnetic  resonance  (ODMR)  via  the  magnetic  circular  dichroism  of  the 
optical  absorption  (MCDA)  we  investigated  the  defects  introduced  in  bulk  Te-doped  and  semi-insulating  (SI) 
GaAs  during  2.3  MeV  proton  irradiation  at  300  K.  From  ODEPR  measurements  in  K-band  and  modelling  we 
conclude  that  proton  irradiation  of  Te-GaAs  introduced  the  anti-structure  pair  (As^a  -  Ga/^g,  As  antisite  defect 
with  a  Ga  antisite  in  the  next  nearest  neighbour  shell  ).  This  is  the  same  defect  as  observed  in  similar  material 
irradiated  with  high  energy  (2  MeV)  electrons  to  a  fluence  of  5  x  10  '  cm'^.  This  anti-structure  pair  exhibits  the 
typical  metastability  associated  with  the  arsenic  antisite  family  of  defects.  Illumination  with  1.05  eV  light  at 
1 .5  K  for  20  minutes  converts  this  defect  to  a  metastable  state  which  is  electrically  and  optically  inactive. 

Proton  irradiation  of  SI  GaAs  introduced  what  appeared  to  be  an  arsenic  antisite  type  defect,  however,  the 
measured  ODEPR  spectrum  is  not  entirely  consistent  with  this  speculation.  The  peak  intensities  are  not  equal 
and  the  hyperfine  splitting  does  not  follow  the  trend  as  would  be  expected  for  the  presence  of  only  an  arsenic 
antisite  type  defect.  It  is  also  seen  that  this  defect  does  not  exhibit  the  expected  metastability  and  it  is  believed 
that  there  is  another  defect  with  an  EPR  signal  superimposed  on  that  of  the  arsenic  antisite  type  defect. 

I  K.  Krambrock  and  J.-M.  Spaeth,  Phys.  Rev.  B  47, 3187  (1993). 
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Positron  annihilation  and  scanning  tunneling  microscopy  (STM)  were  combined  to  characterise  defects  in  highly 
silicon  doped  GaAs.  An  increasing  density  of  mono-vacancies,  having  a  positron  lifetime  of  262  ps,  was  observed 
by  positron  lifetime  spectroscopy  with  increasing  Si-doping  concentration.  These  vacancies  were  identified  by 
STM  as  (Sioa-Voa)  complexes.  The  concentration  of  shallow  positron  traps  increased  with  the  Si  concentration 
too.  The  shallow  traps  are  identified  by  STM  as  Sj’as  acceptors.  The  STM  results  suggest  that  positron  trapping 
at  shallow  traps  can  also  be  related  to  small  Si  clusters.  We  demonstrate  that  the  combination  of  positron 
annihilation  and  scanning  tunneling  microscopy  is  a  powerful  tool  to  obtain  microscopic  data  about  the 
concentration  and  nature  of  point  defects. 
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Ga  VACANCIES  AS  COMPENSATING  CENTERS  IN 
HOMOGENEOUSLY  OR  D-DOPED  GaAs(Si)  LAYERS 
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The  «-type  doping  of  GaAs  by  Si  atoms  is  a  straightforward  procedure  until  above  10  cm  a  strong  deactivation 
of  free  carriers  occurs.  This  phenomenon  has  been  tried  to  explain  with  the  autocompensation  mechanism  which 
follows  from  the  amphoteric  nature  of  the  Si  impurity.  The  Si-doping  of  GaAs  in  delta  planes  (6-doping)  has 
been  proposed  as  a  method  to  overcome  the  problems.  However,  also  the  6-doped  samples  become  compensated 
when  the  planar  doping  increases  above  1x10  cm’  . 

Highly  Si-doped  GaAs  samples  were  grown  by  molecular  beam  epitaxy  (MBE)  on  (lOO)-oriented  ||aAs  sjibstrates 
at  temperature  of  900  K.^Jhe  ^i-doping  concentration  of  these  samples  varied  between  1x10  cm'  and  5  x 
10^^  cm’^.  Above  5x10^  cm"^  the  strong  reduction  of  free  carriers  was  seen.  Positron  annihilation  experiments 
reveal  negative  vacancies  and  ion-type  acceptors  in  the  compensated  layers. 

Si  8-doped  GaAs  samples  were  grown  by  MBE  on  (100)  oriented  GaAs  wafers  at  temperature  of  670  K.^Each 
sample  contained  100  6-doping  planes  with  areal  concentrations  of  0,01-0.3  ML  (1  ML  =  6.2  x  10  cm  )  and 
with  adjacent  planes  separated  by  500  A  of  undoped  GaAs.  The  noticeable  electrical  de|Ctivation  was  seen  in 
two  samples  which  were  well  above  the  critical  planar  Si-doping  concentration  1x10  cm’  .  Positron  annihilation 
experiments  reveal  vacancies  and  ion-type  defects,  which  are  located  in  undoped  material  between  the  delta 
planes. 

The  vacancies  are  identified  as  Vca-  The  ion-type  acceptors  are  assigned  to  Si^s  and  Ga/^^g  in  homogeneously 
and  6-doped  layers,  respectively.  The  cor^ensation  of  free  carriers  can  be  explained  by  these  defects  which 
have  concentrations  in  the  range  10  cm’  . 
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We  have  recently  discovered  that  the  first  neighbor  shell  of  CAs  in  AIxGapxAs  is  aligned  in  some  samples 
following  growth  by  metalorganic  molecular  beam  epitaxy.  The  C  atom’s  A1  neighbors  lie  preferentially  in  a 
particular  {110}  plane  perpendicular  to  the  (001)  growth  surface.  This  alignment  of  the  first  neighbor  shell  was 
detected  from  the  polarisation  dependence  of  the  vibrational  absorption  bands  assigned  to  Cas  he.,  for  light 
incident  along  the  [001]  direction,  the  intensities  of  the  Cas  vibrational  bands  depend  strongly  on  whether  the 
light  is  polarised  with  E//[  1 10]  or  E//[  110].  Further,  if  the  Cas  is  passivated  by  hydrogen,  it  is  known  that  the 
H  preferentially  interrupts  Cas  -Ga  bonds  rather  than  the  stronger  Cas  -AI  bonds.  This  leads  to  an  alignment  of 
the  Cas  -H  complexes  for  samples  in  which  the  C  atom’s  first  neighbor  shell  is  aligned.  The  alignment  of  the 
Cas  "H  complexes  gives  rise  to  a  strong  polarisation  dependence  of  the  H-stretching  vibrational  absorption 
bands  that  has  also  been  used  as  a  probe  of  the  alignment  associated  with  the  C  atom  to  which  the  hydrogen  is 
bound. 

Stress-induced  alignment  techniques  have  long  been  used  to  study  the  motion  of  defects  in  solids.  Here,  we 
report  studies  of  the  decay  kinetics  of  the  growth-induced  alignment  upon  thermal  annealing.  Presumably  the 
loss  of  alignment  is  due  to  motion  of  the  C  atom.  Thus  the  decay  kinetics  provide  a  novel  source  of  information 
about  the  motion  of  C  in  the  alloy. 

Work  performed  at  Lehigh  University  was  supported  by  the  U.S.  Navy  Office  of  Naval  Research  under  Contract 
No.  NOOO 14-94-  1-0117. 

[1]  J.-F.  Zheng,  M.  Stavola,  C.R.  Abernathy,  and  S.J.  Pearton,  Proc.  Fall  MRS  Symp,  on  Defects  in  Electronic 
Materials,  Boston,  Dec.,  1996. 

[2]  .  H.  Ono  and  N.  Furuhata,  Appl.  Phys.  Lett.  59,  1881  (1991). 

[3]  .  R.E.  Pritchard,  R.C.  Newman,  J.  Wagner,  F,  Fuchs,  R.  Jones,  S.  Oberg,  Phys.  Rev.  B  ~0,  10628  (1994). 
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InP  and  Ino.6Gao.4Aso.85Po.  15  grown  using  gas  source  molecular  beam  epitaxy  with  the  growth  surface 
simultaneously  subjected  to  a  He-plasma,  generated  by  an  electron  cyclotron  resonance  source,  have  shown 
some  interesting  ^properties  that  have  significant  technological  potential.  For  example,  InP  grown  in  the  temperature 
range  -400-450^  C  exhibits  a  resistivity  of  >10^  Q-cm  without  the  need  for  introducing  deep  level  impurities 
such  as  iron.  The  InGaAsP  also  has  high  resistivities  relative  to  material  grown  without  a  plasma,  but  more 
importantly  it  exhibits  ultra-fast  (sub-picosecond)  optical  response  times  with  wavelength  tunability  allowing 
high  speed  optical  switches  operating  on  band-to-band  absorption  saturation. 

In  this  paper  we  will  report  on  our  current  knowledge  of  the  grown-in  defects  that  account  for  the  material 
properties.  Samples  have  been  grown  with  and  without  Be-doping.  Rapid  thermal  anneal  studies  up  to  700^  C 
have  been  carried  out  for  10  s  time  periods. 

Results  of  temperature  dependent  resistivity  and  current  injection  measurements  on  InP  indicate  the^presence  of 
a  trap  lying  at  -'£^-0.4  eV  with  a  net  trap  density  of  1x10  cm"  .  The  effect  of  doping  with  10  cm"  Be  is 
to  increase  the  resistivity  by  a  factor  of  5.  Similar  effects  are  seen  in  the  InGaAsP  where  the  resistivities  are 40 
and  500  ?-cm  without  and  with  Be  doping  respectively.  The  anneal  behaviour  of  the  resistivity  shows  a  factor  of 
5  increase  at  temperatures  of  ~550  and  650^t  for  InP,  with  and  without  Be  doping .  After  annealing  at  700^C  the 
doped  sample  becomes  low  resistivity  p-type,  while  the  undoped  sample  recovers  to  the  as-grown  resistivity. 
The  Be-doped  InGaAsP  samples  show  similar  behaviour  with  a  factor  of  8  increase  in  resistivity  after  anneal  at 
~500^C  while  the  undoped  sample  exhibits  only  a  small  resistivity  increase  for  anneals  in  the  range  550-650^C. 

The  defect  characteristics  of  the  samples  were  probed  by  a  variable  energy  positron  beam  through  measurement 
of  the  Doppler  broadening  of  the  annihilation  line.  The  S-parameter  values  for  both  InP  and  InGaAsP  grown 
with  the  plasma  revealed  the  existence  of  vacancy-type  defects  independent  of  Be  doping.  After  annealing  at 
700^C  the  size  of  the  defects  is  found  to  increase  substantially  in  the  undoped  materials  while  Be-doping  appears 
to  prevent  defect  agglomeration.  More  detailed  anneal  experiments  are  in  progress  to  establish  a  correlation 
with  the  resistivity  data. 
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Band-edge  photoluminescence  in  semi-insulating  GaAs  at  2K  can  be  excited  in  a  two  step  process  via  the  mid¬ 
gap  EL2  level.  The  efficiency  of  this  mechanism  is  a  few  percent  in  comparison  with  conventional  above  band 
gap  excitation  at  the  same  excitation  power  level.  While  the  conventionally  excited  luminescence  of  our  samples 
is  dominated  by  conduction  band  to  shallow  acceptor  transitions,  the  two  step-excited  spectra  entirely  consist  of 
donor-acceptor  pair  transitions.  The  superposition  of  an  above  and  below  band-gap  excitation  source  leads  to  a 
luminescence  intensity,  that  exceeds  by  far  the  sum  of  both  intensities.  The  spectra  excited  with  the  two 
superimposed  laser  beams  show  an  especially  strong  enhancement  of  the  donor-acceptor  pair  luminescence.  We 
explain  this  preferential  excitation  of  donor  acceptor  pai^  in  the  two  step  and  double  beam  excited  spectra  by 
the  involvement  of  the  shallow  donor  like  hydrogenic  EL2  ^=2  state  in  the  transition,  that  was  found  to  participate 
in  the  deep  EL2-PL  at  low  temperatures  [1].  Above  band  gap  light  can  regenerate  the  EL2  defect  from  its 
metastable  state.  The  photolunminescence  intensity  rises  considerably  during  this  recovery,  when  measured  in 
the  maximum  of  the  donor-acceptor  luminescence  band,  but  not  in  the  free  to  bound  band.  This  lets  us  suppose 
that  the  shallow  EL2  level  also  plays  an  important  role  in  conventionally  excited  luminescence. 

[1]  M.K.  Nissen,  T.  Steiner,  D.J.S.  Beckett,  and  M.L.W.  Thewalt  Phys.  Rev.  Lett.  65,  2282  (1990) 
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Although  a  considerable  amount  of  works  has  been  devoted  to  its  study,  the  metastable  state  induced  by  photo- 
excitation  of  the  EL2  defect  at  low  temperature,  has  escaped  so  far  detection.  We  will  report  a  study  of  the 
photocapacitance  kinetics  versus  the  illumination  flux,  wavelength  and  temperature.  It  is  performed  on  a  n-type. 
Si  doped  (at  a  level  of  7  x  1016  cm-3),  Czochralski  grown  GaAs  which  contains  2.8  x  1016  cm-3  EL2  defects, 
as  determined  by  Deep  Level  Transient  Spectroscopy.  This  study  demonstrates  unambiguously  that  the  EL2 
metastable  state  possesses  the  same  charge  than  the  filled  stable  state  and  is  associated  with  a  level  located  at 
40  meV  below  the  conduction  band.  This  determination  is  confirmed  by  a  study  of  the  temperature  dependence 
of  the  apparent  recovery  of  the  metastable  to  the  stable  state,  in  the  absence  of  photo-excitation  and  in  the  range 
70-100  K,  which  is  in  fact  related  to  the  occupancy  of  the  metastable  state  in  thermodynamical  equilibrium.  We 
will  demonstrate  that  the  metastable  level  corresponds  to  the  first  excited  state  of  the  stable  EL2  state.  This 
excited  state  is  derived  from  the  L  band,  providing  a  simple  explanation  for  the  metastable  character  of  the  level. 
Electron  localised  on  the  excited  (metastable)  state  cannot  decay  down  to  the  ground  (stable)  state  at  low 
temperature  because  the  electron-electron  interaction  is  too  large.  This  decay  can  only  occur  when  a  large  enough 
atomic  distortion  of  the  As  antisite  can  be  induced  to  compensate  for  the  electron-electron  interaction.  We  will 
account  quantitatively  for  the  temperature  and  free  carrier  concentration  dependences  of  the  rate  of  transformation 
from  the  metastable  to  the  stable  state  in  terms  of  this  metastable  energy  level  and  of  the  energy  difference 
between  the  L  and  r  bands. 
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Despite  of  more  than  one  decade  of  research  activities  the  micro  structure  of  the  EL2  antisite  defect  in  GaAs  is 
still  under  discussion.  It  was  concluded  from  ODENDOR  experiments,  that  the  EL2  defect  consists  of  an  Arsenic 
on  a  Gallium  site  with  an  Arsenic  interstitial  in  [1 1 1]  direction  [1]. However,  there  are  many  arguments  against 
this  model.  Up  to  now  no  attempt  was  made  to  check  this  model  conclusively  by  investigating  whether  or  not  the 
hyperfine  and  ligand  hypeifine  interaction  constants  for  the  nearest  As  neighbours  including  the  [  1 11  ]  As  interstitial 
as  derived  from  ODENDOR  are  consistent  with  the  shape  of  the  corresponding  ODEPR  spectrum  and  with 
conventional  EPR  spectra  of  other  authors.  It  turned  out  in  our  investigation,  that  due  to  the  relatively  large 
hyperfine  interactions  approximate  solutions  of  the  spin  Hamiltonian  using  perturbation  theory  are  not  sufficiently 
accurate  when  recalculating  EPR  spectra  from  the  ODENDOR  interaction  data.  Therefore  we  have  faced  the 
problem  by  an  exact  diagonalisation  of  the  spin  Hamiltonian  for  the  electron  with  up  to  the  five  neighbour  nuclei 
with  strongest  interaction  and  taking  into  account  any  forbidden  transition  with  is  proper  intensity.  This  way  it 
was  found,  that  taking  into  account  the  interstitial  As  results  in  a  simulated  ODEPR  spectrum  significantly 
broader  than  the  experimental  one.  This  means,  that  the  ODENDOR  analysis  is  definitely  at  least  partially 
wrong,  and  these  data  must  no  longer  be  taken  as  evidence  for  the  existence  of  an  [  1 1 1  ]  As  interstitial  as  claimed. 
Additionally  we  introduced  a  new  way  to  efficiently  calculate  large  spin  Hamiltonian  matrices  based  on  the  fact 
that  they  can  be  built  up  diagonal  dominant.  This  made  it  possible  to  simulate  also  the  line  shapes  of  EPR  spectra 
with  many  magnetic  field  steps.  Using  these  technique  we  simulated  also  different  conventional  EL2  EPR 
spectra.  This  again  verified,  that  leaving  out  the  [111]  As  interstitial  is  essential  to  obtain  a  good  fit  to  the 
experimental  data.  At  the  same  time,  the  fact  that  both  the  ODEPR  and  conventional  EPR  spectra  can  be  fitted 
using  the  same  input  data  provides  a  good  piece  of  evidence  that  the  same  defect  species  was  measured  in  both 
experiments. 

[1]  B.K.  Meyer  etal.,Phys.  Rev.B36,  1332(1987) 


34  •  Programme  and  abstracts  book 


GROWTH  -  Chair:  R  Mooney 


DISLOCATION  ACTIVITIES  IN  BULK  GeSi  ALLOYS 


I.  Yonenaga*  and  K.  Sumino** 

^Institute  for  Materials  Research,  Tohoku  University,  Sendai  980-77,  JAPAN 
**  Nippon  Steel  Corporation,  Futtsu  293,  JAPAN 

Key  Words:  GeSi,  alloy,  dislocations,  velocity,  hardening,  growth 

GeSi  alloy  is  of  important  in  view  of  its  variable  band  gap  and  lattice  parameter  according  to  the  alloy  composition. 
Though  dislocations  affect  the  electrical  and  optical  properties  of  GeSi  alloys  and  limit  their  application  in 
various  electronic  and  opto-electronic  devices,  very  little  is  known  on  their  dynamic  properties  and  interaction 
with  solutes  in  the  alloys  except  the  generation  of  misfit  dislocations  related  to  the  mismatch  at  the  film/substrate 
interface.  Such  misfit  dislocations  are  introduced  and  move  by  the  unrelaxed  biaxial  residual  stress,  which 
hinders  the  study  of  the  native  properties  of  dislocations.  Consequently,  it  is  necessary  to  grown  bulk  GeSi 
alloys  and  to  measure  the  dynamic  activities  of  isolated  dislocations  under  defined  stress  distribution.  Moreover, 
little  attention  has  been  paid  to  the  appearrance  of  the  unique  properties  of  dislocations  due  to  alloying.  This 
paper  reports  the  dislocation  activities  and  alloying  effects  in  GeSi  alloys  grown  as  bulk  crystals. 

We  succeeded  in  growing  GeSi  bulk  alloys  by  the  Czochralski  technique.  Full  single  and  partly  single  crystals 
were  obtained.  -  Especially,  a  single  crystal  of  60  mm  in  length  and  20  mm  in  diameter  with  Si  content  2  at%  and 
a  single  crystal  of  40  mm  in  length  and  30  mm  in  diameter  with  Si  content  6  at%  were  obtained.  With  an  increase 
in  Si  composition,  the  crystals  changed  from  single  material  to  polycrystal  in  the  middle  part  of  the  boule,  which 
relates  to  the  occurrence  of  constitutional  supercooling. 

Velocities  of  dislocations  are  found  to  decrease  monotonously  with  increasing  Si  content,  reaching  about  a 
quarter  of  that  in  Ge  at  5.3  at%,  in  the  temperature  range  450  -  700  °C  and  the  stress  range  3-20  MPa.  The 
velocities  of  dislocations  in  GeSi  alloys  can  be  described  as  a  function  of  stress  and  temperature  by  the  same 
type  of  empirical  equation  as  those  in  other  semiconductors.  The  yield  stress  of  the  GeSi  alloy  increases  with 
increasing  Si  content  from  0  to  40  at%  and  is  temperature-insensitive  at  high  temperatures.  These  results  mean 
that  the  dislocations  in  GeSi  alloys  move  overcoming  built-in  a  thermal  stress  fields  which  is  absent  in  elemental 
or  compound  semiconductors  and  it  gives  rise  to  hardening  effect. 
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The  properties  of  SiGe/Si  heterostructures  have  recently  received  considerable  attention,  since  they  offer  the 
possibility  of  bandgap  engineering  and  improved  device  (heterojunction  bipolar  transistors)  performance.  The 
optimal  use  of  these  alloys  in  Si-based  integrated  circuits  requires  strict  control  over  metallisation  processes. 
Electron  beam  (E-beam)  deposition  enables  the  controlled  deposition  of  refractory  metals  at  high  rates,  and 
yields  better  metal  adhesion  to  the  substrate.  During  this  process  low  energy  electrons  create  damage  in  the 
lattice,  introducing  electron  and  hole  traps  at  and  below  the  metal-semiconductor  interface. 

We  have  fabricated  Ti  and  Sc  Schottky  barrier  diodes  (SBDs)  on  n-  and  p-type  Sij.xGex  by  electron  beam 
deposition.  The  electrical  properties  of  Sc  SBDs  on  p-type  Sii.xGcx  show  that  the  reverse  current  increases  and 
the  barrier  heights  decrease  with  concentration  of  Ge  and  varies  as  the  band  gap  with  Ge  content  for  strained 
films.  These  results  suggest  that  the  Fermi  level  is  pinned  to  the  conduction  band  at  the  interface  of  the  binary 
alloy. 

We  have  used  deep  level  transient  spectroscopy  (DLTS)  to  investigate  the  electronic  properties  of  defects 
introduced  during  E-beam  metallisation  in  n-  and  p-Sij.xGex  with  different  compositions  of  Ge  during  E-beam 
metallisation.  To  learn  more  about  the  physical  origin  of  these  defects  and  their  dependence  on  Ge  content,  we 
have  compared  their  electronic  properties  to  those  of  primary  defects  induced  during  5.4  MeV  alpha-particle 
irradiation.  E-beam  deposition  introduced  more  defects  than  alpha-particle  irradiation  in  both  n-  and  p-type 
material.  The  most  prominent  defect  observed  in  n-Sij  .xGcx  after  E-beam  deposition  has  a  level  at  E^  -  0.44  eV. 
The  energy  level  of  this  defect  was  not  influenced  by  a  change  in  Ge  content,  indicating  that  it  is  pinned  to  the 
conduction  band.  In  p-type  Si  the  main  defect  has  an  energy  level  at  Ey  0.52  eV,  in  p-Si|.xGex  this  defect  has 
an  energy  level  that  varies  as  Ey  -f-  (0.52  -  1,1  x)  eV.  This  variation  in  energy  level  position  follows  the  same 
trend  as  the  valence  band  offset  in  Sij.xGex  (0.84  x),  suggesting  that  the  main  defect  detected  in  p-Sij.xGcx  is 
the  same  as  that  observed  in  p-Si. 

The  electronic  properties  of  E-beam  induced  defects  were  the  same  forTi  and  Sc  SBDs.  This  shows  that  these 
defects  do  not  depend  on  the  metal  used,  but  only  on  the  interaction  of  the  electrons  from  the  electron  beam  with 
the  substrate. 
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Early  attemps  at  application  of  defect  engineering  in  the  GaN  technology  are  presented.  Our  investigations  have 
shown  that  during  GaN  growth  on  sapphire  substrates  the  small  changes  of  stress  (smaller  than  the  total  stress  in 
the  common  buffer  layer)  in  the  modifyed  GaN  buffer  layer  accompanied  by  the  variation  in  the  point  defects 
(self-interstitials  and  vacancies)  population  in  the  main  GaN  layer. 

The  GaN  layers  were  grown  in  a  conventional  metalorganic  chemical  vapor  deposition  (MOCVD)  system.  The 
growth  process  included  the  growth  of  the  buffer  layer  at  temperature  of  500°C  followed  by  a  GaN  main  layer 
growth  at  temperature  of  1040°C.  A  growth  mode  of  the  main  GaN  layer  was  find  to  vary  from  polycrystalline 
to  epitaxial  mode  with  the  small  changes  of  stress  in  the  buffer  layer.  The  surface  morphology  and  the  stress 
variation  have  been  displayed  by  electron  microscope  and  X-ray  investigations. 

Moreover,  photoluminescence  study  showed  that  the  variations  affected  an  intensity  of  a  yellow  band  and  blue 
band  relationship  in  the  ranges  of  2,2  eV  and  of  3.05  eV.  As  it  took  place,  the  $C$-$V$  characteristics  and  Hall 
effect  measurements  detected  variations  in  the  carrier  concentration  and  mobility.  The  buffer  layer  influences  an 
activation  of  the  impurity  introduced  in  the  main  GaN  layer^The^undopped  GaN  layers  have  the  following 
parameters:  a  free  carrier  concentration  n-3xl0  -1x10  cm  ,  the  full  width  at  half  maximum  of  the 
photoluminescence  peak  of  3.483~eV-5~meV  at  6K. 
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Epitaxial  layers  of  SiGe  are  mainly  known  from  their  use  in  fast,  silicon-based  microelectronics,  e.g.  as  base 
layers  in  hetero-junction  bipolar  transistors;  however,  the  improvement  of  their  crystalline  quality  has  made 
samples  available  which  are  suitable  for  defect  studies  in  group-IV  semiconductors. 

Using  epitaxial-growth  techniques,  such  as  molecular-beam  epitaxy  (MBE),  layers  of  high-crystalline  quality  of 
tensile-  and  compressive-strained  material  as  well  as  of  strain-relaxed  material  of  any  composition  can  be  grown 
on  silicon  substrates;  in  these  layers  tailored  impurity  distributions  can  be  included  during  the  growth.  Hence, 
the  band  gap,  and  the  size  and  type  of  strain  can  be  varied  over  fairly  wide  ranges,  offering  a  flexible  system  for 
studies  of  the  influence  of  these  parameters  on  defects  in  Si  and  Ge,  in  very  well-defined  samples. 

The  growth  of  strain-relaxed  layers  of  crystalline  Sij.xGcx  of  any  x,  on  a  <100>-Si  substrate,  with  a  sufficiently 
low  concentration  of  as-grown  defects  such  that  intentionally  induced  defects  can  be  studied,  has  been  and  still 
is  a  challenging  task.  The  progress  in  growing  these  layers  will  be  reviewed  with  the  main  emphasis  on  our  own 
MBE-based  efforts  which,  for  the  time  being,  has  resulted  in  layers  of  x<0.50  of  sufficient  quality  for  defect 
studies. 

As  an  example  of  the  use  of  strain  and  strain-relaxed  SiGe  in  defect  studies,  the  Sb-vacancy  interaction  will  be 
discussed.  Antimony  is  known  to  diffuse  predominantly  via  vacancies  in  Si  and  Ge,  and,  as  such,  its  diffusivity 
is  relatively  simple.  By  studying  both  the  strain  and  the  chemical  effects  of  the  presence  of  the  Ge  in  the  SiGe 
layers  on  the  Sb  diffusivity,  it  has  been  possible  to  isolate  the  influence  of  tensile  and  compressive  strain  on 
vacancy-assisted  diffusion,  and  to  compare  it  to  theoretical  predictions.  The  question  as  to  whether  the  acceptor 
level  in  the  forbidden  gap,  related  to  the  Sb-vacancy  pair,  is  pinned  to  the  conduction  or  to  the  valence  band  or 
to  none  of  them  is  important  for  a  theoretical  modelling  of  the  diffusivity  of  antimony.  The  strain-relaxed  SiGe 
system  is  particularly  well  suited  for  such  investigations.  We  have  studied  the  Sb-vacancy  pair  in  strain-relaxed 
SiGe  using  deep  level  transient  spectroscopy  after  low- temperature  particle  irradiation.  By  varying  the  composition 
of  the  SiGe  layers  we  have  established  that  this  level  is  pinned  to  the  conduction  band. 
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It  has  been  shown  recently  that  there  is  a  series  of  phonon  scattering  resonances  between .  1 8  meV  and  4.08  meV 
in  germanium  that  can  be  associated  with  rotational  states  up  to  1  =  ±  5  of  interstitial  oxygen[l].  For  rigid 
rotation  of  a  free  Ge-O-Ge  quasi-molecule  around  its  inertial  axis  parallel  to  <I  1 1>  the  momentum  of  inertia 
would  be  given  by  the  reduced  mass  and  by  the  distance  ro  of  the  oxygen  from  the  Ge-Ge  axis.  From  the  fit  to  the 
resonance  energies  this  would  lead  to  ro  =  93  pm  and  to  small  Ge-isotope  shifts  lying  within  the  observed 
linewidth.  However,  to  unravel  the  contribution  of  the  oxygen,  its  immediate  germanium  neighbours,  and  the 
lattice  to  these  states  it  is  necessary  to  determine  the  level  positions  in  several  isotopically  enriched  germanium 
crystals  as  well  as  for  the  oxygen  isotopes. 

1 8 

We  report  on  such  measurements  which  show  that  the  Ge-associated  shifts  are  distinctly  larger  and  the  O- 
associated  shift  is  smaller  than  calculated  with  the  above  assumption.  The  Ge-associated  shifts  appear  to  be  even 
larger  than  compatible  with  an  isotope-induced  inhomogeneous  linewidth  of  the  resonances  in  natural  germanium. 
This  could  indicate  some  average  coupling  of  the  lattice  to  these  low-energy  excitations. 

Through  the  reduction  of  the  strong  isotope  scattering  at  high  phonon  energies  the  use  of  isotopically  enriched 
Ge  has  facilitated  the  observation  of  a  higher  resonance  around  5.8  meV  (position  depending  on  Ge-isotope) 
which  probably  belongs  to  the  rotational  state  1  =  ±  6.  A  weak  further  resonance  observed  near  4.75  meV  is 
possibly  associated  with  a  transition  to  the  first  excited  radial  state.  If  so,  this  could  mean  a  relatively  low  central 
barrier  of  about  12  meV. 

[1]M  Gienger,  M  Glaser,  and  K  LaBmann  1993  SoL  St.  Comm.  86, 285 
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Deep  level  transient  spectroscopy  (DLTS)  is  an  important  method  to  study  deep  centre  defects  in  semiconductors 
[1].  A  weakness  of  this  method,  however,  is  that  DLTS  does  not  contain  information  on  the  chemical  nature  and 
microscopic  structure  of  the  observed  defects.  This  deficiency  makes  it  difficult  to  correlate  DLTS  with  structural 
sensitive  methods  like,  e.g,.  Electron  Paramagnetic  Resonance  (EPR).  In  a  recent  development  it  was  shown 
that  chemical  information  may  be  added  by  applying  DLTS  to  radioactive  impurity  atoms  [2,3].  The  decay  of 
unstable  elements  then  may  lead  to  an  increase  or  decrease  of  the  measured  DLTS  signals  as  function  of  the 
decay  time. 

We  have  further  developed  this  technique  by  using  radioactive  impurities  which  at  the  same  time  serve  as  probe 
atoms  for  the  Perturbed  Angular  Correlation  technique  (PAC).  In  this  way  we  get  the  chemical  information  and 
can  exploit  the  capability  of  PAC  to  measure  structure  information  at  the  atomic  scale.  This  allows  not  only  to 
focus  on  isolated  impurities  or  impurity  pairs  but  also,  e.g.,  to  study  the  pairing  process  of  these  impurities  with 
intrinsic  defects  as  will  be  shown  in  the  following. 

Ge  crystals  (n(Sb)-and  p(Ga)-doping  concentration  1*1015  cm-3)  were  implanted  with  the  well  known  PAC 
probe  -lln  (halflife  T|/2  =  2.8  days)  within  a  layer  of  4!am  thickness  resulting  in  a  concentration  of  5x1013 
cm-3.  Annealing  at  600  °C  removes  the  implantation  damage  and  electrically  activates  the  probe  atoms. 
Subsequently  Schottky  contacts  on  n-  and  p-type  Ge  were  prepared. 

In  one  type  of  experiments  the  decay  of  the  shallow  level  of  ^  ^  hn  to  the  deep  level  Cd  is  directly  monitored 
by  the  appearance  of  a  DLTS  signal  at  Ev+145  meV  which  grows  with  the  halflife  of  the  decaying  In.  In  a 
second  type  of  experiments  the  In  doped  Ge  crystals  were  additionally  irradiated  with  1 .2  MeV  electrons.  In 
the  following  DLTS  we  observe  among  others  an  additional  deep  level  at  Ev+325  meV  which  disappears  with 
the  halflife  of  “Tn.  Combining  this  result  with  our  PAC  experiments  [4]  performed  in  the  same  way  we  can 
identify  this  level  as  the  ^  ^  In~Vacancy°]-  pair.  Further  experiments  aimed  at  identifying  the  pairing  of  In 
with  self-interstitials  as  seen  by  PAC  [4]  will  be  discussed. 

[1]  D.V.  Lang,  J.Appl.  Phys.  45  (1974)  3023 

[2]  J.W.  Petersen  and  J.  Nielsen,  Appl.  Phys.  Lett.  56  (1990)  1 1 22 

[3]  M.  Lang,  G.  Pensl,  M.  Gebhard,  N.  Achtziger,  M.  Uhrmacher,  Appl.  Phys.  A53  (1991)  95 

[4]  H.  Hasslein  and  R.  Sielemann,  Hyper.  Interactions  (C),  1  (1996)  203;  H.  Hasslein,  R.  Sielemann,  Ch.  Zistl, 
this  conference 
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The  elementary  point  defects  in  Germanium  have  attracted  intensive  research  for  a  long  time  but  contrary  to  the 
defects  in  silicon  no  microscopic  identification  of  either  the  vacancy  or  the  self-interstitial  has  yet  been 
accomplished  for  a  variety  of  reasons.  Nuclear  probe  techniques  like  PAC  (Perturbed  Angular  Correlation)  have 
increasingly  been  used  to  study  defects  in  semiconductors  on  the  atomic  scale  [1].  The  application  to  intrinsic 
defects,  however,  has  remained  difficult  due  to  the  basic  problem  of  defect  identification.  We  report  on  experiments 
solving  this  problem  by  a  direct  correlation  of  the  defect  production  close  to  the  production  threshold  with  the 
microscopic  PAC  analysing  technique. 

The  experiments  are  performed  with  ^  ^  hn  PAC  probes  implanted  into  Ge  crystals  in  a  pm  thick  region.  Following 
implantation  the  crystals  are  completely  annealed.  Subsequently  two  types  of  experiments  are  performed: 

(1)  The  ^  ^  hn  probe  serves  as  primary  knock-on  atom  due  to  a  recoil  energy  of  29  eV  from  a  neutrino  produced 
in  the  13-decay  of  the  probe’s  precursor,  ^^^Sn.  This  leads  to  the  production  of  Frenkel  pairs  with  the  In 
probe  adjacent  to  a  vacancy,  resulting  in  a  PAC  frequency  Vqi=54  MHz  which  identifies  the  vacancy  signal. 

(2)  By  1 .2  MeV  electron  irradiation  performed  at  77K  mostly  single  Frenkel  defects  are  produced.  In  a  subsequent 
annealing  sequence  monitored  by  PAC  two  defect  signals  occur  with  Vq]=54  MHz  and  vq2=420  MHz  showing 
trapping  of  irradiation  induced  defects  at  the  “Tn  probe.  This  trapping  is  studied  as  function  of  the  Fermi  level 
(n-  and  p-doping)  and  trapping  temperature.  Some  preliminary  results  have  been  presented  in  [2]. 

Combining  the  results  of  (1)  and  (2)  numerous  microscopic  properties  are  obtained: 

Vacancies  (via  Vqi)  and,  by  exclusion  experiments,  self-interstitials  (via  Vq2)  can  be  identified.  Pair  formation 
of  the  ^^4n  negative  acceptor  with  neutral  vacancies  and  positive  self-interstitials  is  deduced  at  T=200(5)  and 
T=220(5)K,  respectively,  which  explains  a  frequently  observed  stage  in  the  literature  which  occurs  around  200 
K .  An  acceptor  state  for  the  vacancy  at  Ev  +0.20  eV  and,  tentatively,  a  donor  state  for  the  interstitial  close  to  the 
conduction  band  (Ec-40  meV)  result  from  the  Fermi  level  dependence  of  the  trapping  behaviour. 

[1]  Th.Wichert,  N.Achtziger,  H.Metzner,  R.Sielemann,  in  Hyperf.Inter.of  Defects  in  Semiconductors,  edited  by 
G.Langouche  (Elsevier,  Amsterdam,  1 992),  p.79 

[2]  H.Hasslein,  R.  Sielemann,  Hyperf.  Interactions  (C),l  (1996)  203 
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FIG.  1 .  The  IH2  defect 

For  more  than  two  decades  it  has  been  known  that  implantation  of  protons  into  crystalline  silicon  gives  rise  to 
sharp  infrared  absorption  lines  due  to  excitation  of  hydrogen-related  local  vibrational  modes.  In  the  original 
work  by  Stein,  a  line  at  1980  cm  *  was  observed  at  room-temperature.  This  line  was  later  shown  to  split  into  two 
at  1987  and  1990  cm’^  when  the  sample  was  cooled  to  liquid  helium  temperature.  These  two  lines  always  appear 
with  the  same  relative  intensities  which  indicates  that  they  originate  from  the  same  centre.  In  1991,  Xie  et  al 
ascribed  the  two  lines  to  the  stretch-modes  of  the  di-hydrogenated  vacancy  (VH2).  This  assignment,  however, 
disagrees  with  the  recent  work  in  which  two  other  lines  were  shown  to  originate  from  VH2.  In  conclusion,  the 
origin  of  the  1987-  and  1990-cm  lines  remain  unclear. 

In  this  work  the  1987-  and  1990-cm'^  lines  have  been  investigated  in  detail.  We  show  that  these  lines  are 
correlated  with  two  other  lines  at  743  and  748  cm’  which  we  ascribe  to  Si-H  bend-modes  of  the  same  defect. 
Isotope  substitution  experiments  reveal  that  this  defect  contains  two  equivalent  and  weakly  coupled  hydrogen 
atoms.  The  line  splittings  observed  when  uniaxial  stress  is  supplied  to  the  sample  show  that  the  defect  has 
monoclinic  II  symmetry,  i.e.  a  C2  point  group  with  the  two-fold  axis  along  [100].  Defects  with  this  symmetry  are 
rare  in  silicon.  The  orientations  of  the  two  equivalent  Si-H  bonds  are  dpermined.  Similar  investigations  have 
been  performed  on  the  lines  observed  at  700,  706,  1882,  and  1884  cm’*  in  proton-implanted  germanium.  The 
four  lines  in  each  material  obviously  originate  from  the  same  type  of  defect.  The  structure  and  the  local  vibrational 
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modes  of  the  hydrogen-saturated  self-interstitial  (IH2)  in  silicon  and  germanium  have  been  calculated  with  ab 
initio  local  density  functional  cluster  theory  (see  Fig.  1).  The  structural  information  on  the  defect  giving  rise  to 
the  lines  at  743,  748,  1987,  and  1990  cm  *  in  silicon  and  at  700,  706,  1882,  and  1884cm'^  in  germanium  is  in 
excellent  agreement  with  the  ab  initio  calculations  on  IH2.  Therefore,  we  ascribe  these  absorption  lines  to  the 
IH2  defect. 

[I  ]  L.M.  Xie  etal,  J.  Phys.:  Condens.  Matter.  3,  8519  (1991). 
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Two-line  structure  of  photoluminescence  (PL)  emission  from  quantum  wells  (QWs)  of  nominally  undoped  II- 
VI  and  III-V  semiconductors  is  often  related  to  a  simultaneous  observation  of  free  and  bound  (typically  neutral 
donor  bound  (DBE))  excitons.  In  this  work  we  discuss  defect-related  recombination  processes  in  doped  and 
undoped  QW  structures  of  II- VI  and  III-V  semiconductors.  We  show  first  (on  the  example  of  PL  and  time- 
resolved  PL  investigations)  that  formation  scenario  for  DBEs  in  low  dimensional  structures  can  be  different 
from  that  observed  in  bulk  samples.  Trapping  of  free  excitons  by  donor  impurities  is  relatively  inefficient  in  the 
QW  structures  which  show  at  low  temperature  PL  emission  of  either  localized  (by  potential  fluctuations)  or 
quasi-localized  excitons.  PL  emission  (intensity,  PL  excitation  (PLE)  spectrum  and  decay  time)  of  such  excitons 
is  then  weakly  dependent  on  the  doping  level  of  QW  regions  of  the  structure. 

We  further  show  that  DBE  contribution  to  the  overall  PL  emission  can  in  some  cases  be  strongly  enhanced.  This 
may  lead  to  a  confusing  overestimation  of  the  doping/contamination  level.  Such  case  we  demonstrate  on  the 
example  of  GaAs/AlGaAs  QW  structure  showing  the  presence  of  QW  islands  of  a  thickness  smaller  by  1  ML 
from  the  nominal.  A  fast  inter-island  exciton  migration  can  be  considerably  slowed  down  once  excitons  are 
trapped  by  impurities.  PL  emission  from  QW  islands  is  then  dominated  by  DBE  transitions  even  though  defect 
concentration  is  low. 

For  undoped  high  quality  structures  defect-related  peaks  are  not  observed  in  the  PL  excitation  spectra.  We  show 
however  a  puzzling  observation  of  the  strong  DBE  peaks  in  the  PLE  spectrum  of  CdTe/CdMnTe  heterostructures 
consisting  of  three  or  four  QWs  and  containing  low  (about  10%)  Mn  fraction  in  the  barriers.  A  strong  inter-QW 
exciton  transfer  is  observed  even  though  CdMnTe  barriers  are  relatively  thick  (50  nm).  The  relevant  mechanism 
of  the  transfer  will  be  proposed  and  we  will  explain  why  DBE-related  PLE  peaks  are  then  observed. 
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In  the  effort  of  making  blue-light  emitting  devices  using  II- VI  large  band  gap  materials  it  is  well  known  that  the 
compensation  of  nitrogen  doped  ZnSe  epilayers  causes  difficulties  in  obtaining  good  p-type  conductivity  [1].  So 
far,  optical  methods  have  mainly  been  used  to  study  the  nitrogen  level  which  is  responsible  for  the  p-type 
conductivity  in  ZnSe.  In  this  paper,  we  report  for  the  first  time  the  observation  of  the  nitrogen  level  in  p-type 
ZnSe  by  electrical  method  using  deep-level  transient  spectroscopy  (DLTS)  and  admittance  spectroscopy  (AS). 
We  have  investigated  nitrogen  doped  ZnSe  epilayers  grown  on  GaAs  substrates  by  molecular  beam  epitaxy 
(MBE).  The  thickness  of  the  epilayers  was  about  1  mm.  The  nitrogen  was  introduced  from  a  nitrogen  plasma 
source  and  doping  levels  ranging  from  3x  1 0 1 6  to  5x  1 0 1 7  cm-3  were  studied.  Four  major  hole  traps  were  observed 
with  energy  levels  at  0.1 1 , 0.46,  0.56  and  0.7  eV  from  the  valence  band.  We  attribute  the  level  at  O.1 1  eV  to  a 
nitrogen  acceptor  which  controls  the  p-type  conduction  of  the  material.  A  crude  estimation  of  the  0.1 1  eV  trap 
concentration  obtained  from  DLTS  data  shows  correlation  with  free  carrier  concentration  due  to  nitrogen.  No 
other  direct  observations  of  this  important  acceptor  level  in  p-type  ZnSe  by  electrical  method  have  been  reported 
in  the  literature  so  far.  The  three  remaining  levels  may  originate  from  the  nitrogen  doping  process. 

We  also  report  on  the  observation  of  the  nitrogen  level  by  DLTS  in  p-type  ZnSSe  epilayers.  They  are  grown 
approximately  1  mm  thick  on  p-GaAs  substrate  with  20  nm  ZnSe:N  buffer.  The  nitrogen  hole  trap  is  observed  at 
0.13  eV  from  the  valence  band  or  slightly  deeper  in  energy  than  in  ZnSe.  Sulphur  mainly  acts  on  the  valence 
band  so  the  activation  energy  of  the  nitrogen  level  is  expected  to  increase,  in  a  good  agreement  what  we  measure. 

[1]  I.S.  Hauksson,  J.  Simpson,  S.Y.  Wang,  K.A.  Prior  and  B.C.  Cavenett,  Appl.  Phys.  Lett.  61,  2208  (1992). 
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SiGe  quantum  wells,  acceptor  states 

The  selectively  doped  SiGe  quantum  well  strutures  (QWs)  are  of  great  interest  for  study  of  acceptor  states  which 
are  degenerate  in  bulk  material  and  should  be  split  in  two-dimensional  (2D)  systems  due  to  space  quantization 
and/or  strain.  The  energy  positions  of  ground  and  exited  states  of  an  acceptor  can  be  controlled  in  a  wide  range 
by  alloy  composition,  QW  width,  doping  level  and  space  position  of  an  acceptor  center.  In  this  report  the  binding 
energies  of  2D  neutral  (A^)  and  positively  charged  (A"^)  acceptor  states  in  boron  doped  SiGe  QWs  for  structures 
with  the  same  QW  width  and  doping  level  and  different  alloy  composition  are  determined.  So-called  A  states 
(acceptors  binding  an  additional  hole)  are  of  speciic  interest  as  they  should  exist  in  SiGe  QWs  in  thermal 
equilibrium  in  contrast  to  bulk  material  where  they  can  appear  only  due  to  excitation,  f.i.,  by  light. 

The  p-type  SilSiGe/Si  QWs  MBE-grown  on  the  n-type  Si  substrate  and  selectively  doped  with  boron  were 
investigated  at  the  terrmeratures  of  4  up  to  300  K.  The  QW  thickness  was  of  200  A.  The  B  concentration  inside 
the  QW  was  of  3*  1 0*  cm"'^.  Two  delta-layers  outside  the  QW  with  B  concentration  of  2*  1 0  cm  were  used 
to  obtain  A^  centers.  Study  of  temperature  dependence  of  conductivity  and^magn^toconductivity  and  electric 
field  ionization  of  acceptor  states  allowed  us  to  identify  the  boron  acceptor  A  and^A  states.  The  binding  energy 
of  the  A'*’  state  (about  2  meV)  weakly  increases  with  Ge  content,  x,  while  that  of  A  increases  much  stronger  (for 
X = 0. 1  and  0. 1 5  it  is  1 1  and  1 8  meV,  respectively).  The  experimental  data  are  compared  with  theoretical  calculations 
using  zero-radius  potential  model. 

This  work  was  made  possible  in  part  by  Grant  No  96-02-17352  from  Russian  Basic  Research  Foundation  and 
Volkswagen  Grant. 
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We  report  the  entirely  novel  phenomenon  in  nanometer  space  in  Si;  the  creation  of  a  two  dimensional  array  of 
holes  of  a  few  nanometers  in  diameter  on  a  Si  crystal  surface  by  uniform-intensity  electron  (140  to  200keV) 
irradiation.  High-resolution  transmission  electron  microscopy  observation  (HRTEM),  combined  with  standard 
TEM  techniques,  has  revealed  that  the  nanoholes  are  created  on  the  electron  exit  surface  of  a  thin  foil,  and  they 
are  from  2  to  3nm  in  diameter  and  deeper  than  lOnm  along  the  electron  beam.  It  is  also  shown  that  they  are 
distributed  about  10  nm  apart  over  the  uniformly  irradiated  area  and  exhibit  the  habit  planes  of  {1 1 1 }  and  {100} 
which  are  parallel  to  the  electron  beam.  The  formation  of  the  holes  is  observed  regardless  of  the  types  of  Si 
specimens,  i.  e.  {11 1  >,  {110} ,  FZ  and  CZ. 

This  phenomenon  is  related  to  the  formation  of  not  Frenkel  defects  inside  crystal  but  defects  near  the  surface, 
since  it  is  caused  by  the  irradiation  of  electrons  of  even  lower  energy  (140keV)  and  very  sensitive  to  the  pre¬ 
treatment  of  surfaces  before  irradiation.  Concerning  the  formation  process  of  the  holes,  TEM  observation  shows 
that  the  faint  spot-like  contrasts  appear  at  the  early  stage,  and  with  the  increase  of  electron  dose,  the  contrasts  are 
gradually  enhanced  with  their  locations  unchanged.  With  these  experimental  evidences,  we  suggest  that  moveable 
surface  vacancies,  accumulated  at  the  steady  state  under  electron  irradiation,  form  spatially  correlated  shallow 
pits,  and  then  the  succeeding  irradiation  causes  the  deepening  of  the  holes  under  the  condition  that  the  migration 
of  surface  atoms  is  suppressed.  Even  though  arguments  about  the  formation  mechanism  are  ongoing,  it  is  stressed 
that  a  narrow  experimental  window,  through  which  we  can  observe  the  novel  electron-irradiation-effect  in  Si 
involving  surface  vacancies,  has  been  found. 
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The  mechanism  of  formation  of  the  deleterious  defect  in  GaN  called  a  nanotube  is  proposed  based  on  cross- 
section  transmission  electron  microscopy.  Formation  of  open-core  dislocations  that  appear  to  be  very  similar  to 
nanotubes  has  been  reported  in  a  number  of  crystals  including  SiC  and  ZnO.  These  defects  have  received  a  lot  of 
attention  especially  in  SiC  because  they  are  known  to  limit  breakdown  voltage  of  high  power  devices.  The 
original  explanation  for  these  defects  was  given  by  Frank  who  suggested  the  formation  of  hollow-core  screw 
dislocations.  The  open-core  should  represent  an  equilibrium  between  the  extra  surface  free  energy  and  the 
decrease  in  lattice  strain  energy.  According  to  Frank’s  theory  the  radius  of  the  hole  is  proportional  to  the  square 
of  the  Burgers  vector.  Flowever,  the  Frank  equilibrium  model  can  hardly  explain  the  presence  of  these  empty 
holes  in  GaN,  since  the  measured  and  calculated  Burgers  vector  differ  by  at  least  one  order  of  magnitude.  It  will 
be  shown  that  in  GaN  two  related  types  of  defects  can  be  formed:  nano-tubes  along  the  c-axis  and  pinholes 
formed  in  the  subsurface  area.  Both  these  defects  start  with  V  shapedfacets  on  {lOj  1 }  polar  planes. 

The  polarity  of  GaN  was  found  to  have  large  consequences  on  defect  formation  and  a  crystal  growth  rate.  The 
growth  rate  turned  out  to  be  the  slowest  on  {lOj  1 }  polar  planes.  Faceting  on  these  planes  in  the  early  stage  of 
growth  or  the  presence  of  dopants  or  other  impurities  in  later  stages  of  growth,  and  the  slow  growth  rate  on  these 
polar  planes  is  proposed  to  be  responsible  for  initiation  of  these  defects.  Development  of  pinholes  into  tubular, 
hollow  nanotubes  appears  to  depend  on  impurity  attraction  to  these  hollows  which  can  stabilize  their  growth  as 
tubes  along  the  growth  direction.  Particular  dislocations  or  inversion  domains  which  are  often  found  to  be 
associated  with  these  nanotubes  (pinholes)  appear  not  to  be  associated  with  their  formation.  The  growth  rate 
hierarchy  for  different  polar  facets  might  explain  formation  of  these  defects  in  a  broad  range  of  materials. 
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Formation  of  quantum  dots  and  quantum  wires  with  properties  satisfying  device  requirements  on  those  structure’s 
size,  shape,  uniformity,  and  density  became  possible  by  utilising  self-ordering  phenomena  on  crystal  surfaces. 
In  this  talk  I  will  discuss  two  basic  theoretical  aspects  which  crucially  influence  the  growth  of  nano-scale  structures: 

i)  self-diffusion  of  cations  on  AlGaAs  surfaces  and 

ii)  an  analysis  of  surface  energies  and  stress  relief. 

While  the  first  is  relevant  for  the  formation  of  quantum  wires  on  V-grooved  sub-strates,  the  latter  determines  the 
shape  of  quantum  dots. 

*Work  done  in  collaboration  with  E.  Pehlke,  A.  Kley,  and  N.  Moll 
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SPIN-DEPENDENT  PROCESSES  IN  SELF-ASSEMBLY  IMPURITY 

QUANTUM  WIRES 


N.T.  Bagraev*,  W.  Gehlhoff**.  L.E.  Klyachkin*,  A.M.  Malyarenko*,  and  A.  Naeser**, 

^A.¥.  Ioffe  Physico-Technical  Institute,  St.Petersburg,  Russia.**  Institut  f/ Festk'rperphysik, 
Technische  Universit%ot  Berlin,  Hardenbergstr.36,  D- 10623  Berlin,  Germany 

Key  Words:  quantum  wires,  spin-dependent  confinement,  EPR-EDEPRWe  present  the  first  findings  of  quantized 
conductance  and  EPR-EDEPR  techniques  which  reveal  the  spin-dependent  confinement  and  quantization 
phenomena  in  the  silicon  quantum  wires  created  by  electrostatically  ordering  self-assembly  dipole  boron  (B  - 
B”)  and  phosphorus  (P^-P’)  centres.  These  C3V  symmetry  dipole  impurity  centres  are  regularly  arranged  along 
the  barriers  of  single  longitudinal  and  lateral  quantum  wells  (LQW  and  LaQW)  which  are  naturally  formed 
inside  ultra-shallow  silicon  diffusion  p-n  junction.  Short-time  diffusion  of  boron  and  phosphorus,  respectively, 
was  performed  from  gas  phase  into  n-  and  p-  type  Si  (100)  wafers  using  controlled  surface  injection  of  self¬ 
interstitials  and  vacancies.  By  varying  the  parameters  of  the  surface  oxide  layer  and  diffusion  temperature  (800°C- 
llOOooC)  it  was  possible  to  define  the  criteria  leading  to  the  ultra-shallow  p-n  junction  (5  nm-30  nm),  which 
were  controlled  using  SIMS  and  STM  techniques.  The  cyclotron  resonance  (CR)  and  current-voltage  (CV) 
dependencies,  which  are  brought  about  the  deflection  of  the  bias  voltage  from  the  normal  to  the  p-n  junction 
plane,  show  that  the  p^-  and  n^-  diffusion  profiles  consist  of  LQW  or  LaQW  as  a  function  of  diffusion  temperature. 
The  logarithmic  temperature  dependence  of  resistivity  and  the  quantized  conductance  finding  obtained  at  77K 
and  300K  have  revealed  the  quantum  wire  systems  in  a  weak  localization  regime,  which  are  induced  by  applied 
voltage  inside  both  LQW  and  LaQW.  Thermo-emf  and  tunnelling  CV  measurements  demonstrate  that  these 
quantum  wires  seem  to  be  created  by  electrostatic  confining  potential  of  self-assembly  dipole  B  -B  and  P  -P 
centres.  The  quantized  conductance  technique  has  identified  new  near-edge  resonances  that  appear  in  I(V) 
dependence  and  are  due  to  hole  scattering  on  single  iron-related  centres  because  of  the  interaction  between  the 
d-levels  and  minibands  in  quantum  wires. 

Spin-dependent  electron/hole  confinement  has  also  made  it  possible  to  study  single  impurities,  which  are  present 
in  quantum  wires,  by  the  EPR-EDEPR  method  using  the  versions  of  both  spin-dependent  scattering  and  spin- 
dependent  recombination.  Besides  signals  from  the  iron-related  centres,  phosphorus  and  oxygen  thermal  donors, 
a  new  line  that  seems  to  be  due  to  the  C3V  symmetry  B'^-B"  dipoles  is  found.  Finally,  the  quantized  conductance 
technique  is  applied,  for  the  first  time,  to  investigate  the  electrically-  and  optically-induced  nuclear  polarization 
in  a  weak  magnetic  field  as  a  result  of  the  hyperfine  interaction  of  the  lattice  nuclei  and  spin-polarized  Tomonaga- 
Luttinger  Liquid  in  dipole  impurity  quantum  wires. 
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AUGER-TYPE  NONRADIATIVE  RECOMBINATION  PROCESSES  IN 
BULK  AND  QUANTUM  WELL  STRUCTURES  OF  II- VI 
SEMICONDUCTORS  CONTAINING  TRANSITION  METAL  IONS 


M.GODLEWSKr.  M.SURMA*,  AJ.ZAKRZEWSKr,  T.WOJTOWICr ,  G^KARCZEWSKF, 
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Dept.  Phys.  &  Meas.  Technol.,  Link^ping  Univ.,  S-581  83  Link^ping,  SWEDEN 

Key  Words:  transition  metal  ions,  II- VI  and  III-V  materials,  nonradiative  recombination 

Transition  metal  (TM)  ions,  such  as  iron,  chromium  or  nickel,  are  common  contaminants  of  bulk  semiconductor 
materials.  Intensive  studies  of  recombination  processes  in  TM  doped/contamined  II- VI  materials  show  a  high 
efficiency  of  nonradiative  transitions  via  TM  ions.  In  addition  to  a  known  so-called  bypassing  process,  recent 
photoluminescence  (PL)  and  electron  spin  resonance  (ESR)  studies  indicate  importance  of  a  new  nonradiative 
process,  in  which  energy  of  recombining  electron-hole  carriers  is  transferred  to  a  nearby  TM  ion,  which  is  then 
ionized.  This,  Auger-type,  nonradiative  process  was  first  observed  for  Fe  ion  in  ZnS:Cu.  New  experimental 
results  of  the  authors  indicate  that  the  Auger-type  processes  are  also  important  in  ZnSe.  A  new  type  two-center 
Auger  process  is  discussed  based  on  the  results  of  photo-ESR  investigations  of  iron  recharging  processes  in 
ZnSe.  We  show  that  electron  trapping  rate  by  Fe'  ^  ions  is  enhanced  by  Auger-type  energy  transfer  to  a  nearby 
chromium  ion. 

TM-related  recombination  processes  in  low-dimensional  structures  were  not  studied  till  now.  In  this  work  we 
discuss  first  results  of  PL  and  time-resolved  PL  investigations  of  recombination  processes  in  quantum  well 
structures  containing  chromium.  CdCrTe/CdMgTe  and  ZnCrTe/ZnMgTe  quantum  well  (QW)  structures  were 
grown  by  molecular  beam  epitaxy.  The  former  QW  structure  contained  two  CdTe  and  two  CdCrTe  QWs.  In  the 
latter  case,  three  different  structures  were  grown.  Each  of  them  contained  a  different  chromium  concentration  in 
a  QW.  PL  investigations  show  a  strong  reduction  of  PL  emission  intensity  from  chromium  doped  QWs,  which, 
from  the  PL  kinetics  measurements,  we  explain  by  a  rapid  decrease  of  PL  decay  times  of  excitons  in  chromium 
containing  QWs. 

Two  processes  of  TM-related  nonradiative  recombination  of  excitons  in  QWs  are  discussed.  The  first  is  an 
analog  of  the  so-called  bypassing  process,  in  which  exciton  formation  rate  is  reduced  by  efficient  carriers  trapping 
via  TM  ions.  We  show,  however,  that  the  present  results  indicate  that  the  second  process.  Auger-type  energy 
transfer  from  excitons  to  chromium  ions,  is  likely  responsible  for  the  PL  deactivation. 
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ERBIUM  RELATED  DEFECTS  IN  SILICON  AND  GALLIUM  ARSENIDE 
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Key  words:  erbium,  silicon,  gallium  arsenide,  defects,  luminescence,  quantum  dotsThis  paper  reviews  our 
experimental  work  on  erbium  in  gallium  arsenide  and  erbium  in  silicon.  Comparisons  are  made  with  other  work 
(elsewhere  and  at  UMIST)  on  rare  earths  hosted  in  group  IV  and  III-V  compounds. Although  there  are  still  many 
facets  of  defect  behaviour  associated  with  rare  earths  that  are  uncertain,  we  can  move  towards  generalising 
behaviour  by  defining  three  distinct  regimes. 

1.  Very  dilute  systems.  Here  the  electrical  (and  to  some  extent  the  optical  properties)  of  the  erbium  are 
dependent  on  the  impurities  in  the  semiconductor  host.  The  detailed  behaviour  is  due  to  the  chemical 
affinity  of  the  erbium  for  the  mobile  impurities  present  and  the  complexes  that  are  formed.  In  the  case  of 
float  zone  or  epitaxial  silicon  for  this  regime  to  be  operative  the  erbium  concentration  must  be  less  than 
5  X  10*^  cm’^  but  may  be  much  higher  in  less  pure  hosts. 

2.  “Native”  regime.  Here  the  role  of  complexes  is  insignificant  and  the  behaviour  is  defined  solely  by  the 
interaction  of  erbium  with  the  host  semiconductor.  In  general  the  crystal  field  split  luminescence  bands 
indicate  high  symmetry  and  the  electrical  properties  are  reproducible. 

3.  Precipitated  or  phase  separated  systems.  This  regime  occurs  at  high  erbium  concentration^,  i.e.,  [Er]  > 
10**  cm'^  in  near  equilibrium  growth  but  at  much  higher  concentrations  (>5x10  cm  )  in  grossly 
non-equilibrium  systems  (eg,  ion  implant  with  controlled  solid  phase  regrowth).  We  have  used  this 
regime  in  MBE  to  produce  three  dimensional  arrays  of  self  organised  quantum  dots  (10-20  diameter). 

The  electrical,  optical  and,  in  the  third  case,  magnetic  behaviour  of  the  erbium  related  defects  will  be  described 
for  each  of  the  regimes  and  related  to  the  observable  properties  of  the  doped  semiconductor 
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ENERGY  TRANSFER  PROCESSES  AT  ERBIUM  IONS  IN  SILICON 
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Erbium-doped  silicon  light  emitters  are  being  developed  to  establish  an  integrated  silicon  0|)toelectronic 
technology.  Materials  research  focuses  on  the  incorporation  of  high  Er  concentrations  (>  1 0  cm  )  that  exceed 
the  equilibrium  solubility  by  three  orders  of  magnitude.  We  employ  both  ion  implantation  and  CVD  processes 
because  of  their  compatibility  with  standard  IC  process  technology.  Optimum  light  output  requires  co-doping 
with  a  proper  Er-ligand  field  of  electronegative  atoms  such  as  N,0,  F. 

Electroluminescence  from  erbium-doped  silicon  is  different  from  other  recombination  processes  in  semiconductors 
due  to  the  involvement  of  the  4f  core  electron  shell.  The  excitation  and  relaxation  of  the  discrete  energy  levels  of 
the  4f  shell  require  resonance  energy  transfer  that  is  facilitated  by  dissipative  electronic  and  phonon  mechanisms. 
We  show  that  the  spin  energy  stored  in  the  excited  4f  shell  can  be  transferred  back  to  the  silicon  host  by  either  an 
Impurity  Auger  process  or  a  phonon-mediated  charge  transfer  process.  We  isolated  the  Auger  process  by  the 
junction  bias  dependence  of  the  electroluminescence  decay  time.  Energy  is  transferred  from  the  Er  4f  core  levels 
to  an  occupied  valence  state  of  the  ion.  Occupied  states  (zero  bias)  give  shorter  decay  times  than  empty  states 
(reverse  bias). 

The  optical  activity  of  Er  in  Si  is  linearly  dependent  on  the  donor  concentration  added  by  the  presence  of  Er. 
Outdiffusion  studies  confirm  that  the  donors  consist  of  Er-ligand  complexes.  Temperature  dependent  junction 
photocurrent  spectroscopy  on  erbium-doped  silicon  light  emitting  devices  give  direct  evidence  that  the  phonon 
process  is  facilitated  by  a  state  in  the  band  gap  at  Ec-Et=160  meV  which  is  associated  with  the  optically  active 
erbium-oxygen  donor  complex.  The  photocurrent  response  at  0.8  eV  corresponds  to  excitation  of  the  internal  4f 
shell,  and  energy  back  transfer  from  the  excited  core  level  gives  ionization  and  the  photocunrent. 

In  summary,  erbium-ligand  complexes  in  silicon  introduce  donor  states  in  the  gap.  These  valence  electron  states 
are  very  weakly  coupled  to  the  optically  active,  4f  core  electron  states.  The  donor  levels,  howeve^j^lay  a  major 
role  in  providing  a  path  for  resonant  energy  transfer  between  the  free  electron  system  and  the  Er  ion. 
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Erbium  (Er)  in  Si  has  received  much  attention  recently  due  to  its  potential  use  for  Si-based  optical  devices  using 
its  very  sharp  and  temperature-stable  Er  4f-shell  luminescence.  It  is  well  accepted  now  that  the  Er  4f  shell  is 
excited  by  the  recombination  of  an  electron-hole  pair  at  an  Er-related  level  in  the  bandgap.  The  energy  transfer 
rate  between  the  Er  4f  shell  and  the  electron-hole  pair  is  an  important  parameter  that  determines  optical  properties. 
Several  groups  have  measured  the  time  response  of  the  Er  luminescence  and  observed  that  the  Er  luminescence 
intensity  increases  after  a  pulse  photo-excitation  of  the  host,  with  a  time  delay  of  the  peak  intensity  after  the 
pulsed  excitation  as  large  as  se  veral  tens  of  jxsec[l].  Based  on  this  fact,  it  was  claimed  that  the  energy  transfer 
rate  is  rather  small.  In  this  paper,  we  discuss  the  energy  transfer  rate  based  on  the  investigation  of  the  temperature 
dependence  of  the  Er  luminescence  decay  time  and  the  time  response  of  the  Er  luminescence. 

We  have  already  shown  that  the  energy  transfer  rate  of  Yb-doped  InP  can  be  evaluated  by  assuming  a  non- 
radiative  multiphonon-assisted  (NRMA)  energy  transfer  mechanism[2].  If  we  assume  this  mechanism  for  Si:Er,0, 
the  energy  transfer  rate  estimated  based  on  the  experimentally  obtained  temperature  dependence  of  the  decay 
time  is  4x10  ^  s’*.  The  previously  observed  tens  of  psec  delay  is  inconsistent  with  this  large  value  of  the  transfer 
rate. 

Time  response  measurements  using  a  fast  response-time  system  can  determine  the  minimum  value  of  the  transfer 
rate.  We  measured  the  time  response  of  the  Er  luminescence  for  Si:Er,0  samples  grown  by  ion  beam  epitaxy, 
that  shows  Er  luminescence  dominantly  from  one  type  of  Er-0  complex  center  under  the  host  excitation[3].  A 
Nd  YAG  laser-pumped  dye  laser  was  used  as  an  excitation  source  with  a  fast  response  photo-multipHer  operating 
at  1 .5  pm.  An  analysis  of  experimental  results  indicates  that  the  energy  transfer  rate  is  at  least  10  s’  .  This  is 
consistent  with  our  estimation  of  the  energy  transfer  rate  mentioned  above  assuming  the  NRMA  energy  transfer 
mechanism.  The  previously  observed  rather  large  delay  is  probably  not  due  to  the  small  energy  transfer  rate,  but 
likely  due  to  some  yet  unidentified  extrinsic  nature  of  the  material. 

[1  ]  H  Przybylinska  et  al.  1995  J.  Alloys  Compounds  225  555;  J  H  Shin  et  al.  1996  AppL  Phys.  Left.  67  377;  T 
Gregorkiewic  et  al.  1996  MRS  Symp.  Proc.  422  207. 

[2]  A  Taguchi,  K  Takahei  and  Y  Horikoshi  1 994  J.  AppL  Phys.  76  7288. 

[3]  M  Matsuoka  and  S  Tohno  1 996  MRS  Symp.  Proc.  422  3.  oral  6 
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Er  doping  of  silicon  is  intensively  investigated  as  the  prominent  approach  to  the  photonics  of  this  most  important 
electronic  material.  In  spite  of  a  considerable  progress  recorded  in  this  field  recently,  the  physics  of  the  excitation 
process  of  an  Er  atom  embedded  in  the  silicon  lattice  is  still  insufficiently  understood.  Optimization  of  this 
mechanism  is  of  key  importance  for  efficiency  increase  as  required  for  the  development  of  Er-based  silicon 
devices.  In  the  currently  discussed  models  of  the  energy  transfer  between  the  4f  shell  of  the  Er  core  and  the 
crystal  the  existence  of  an  intermediate  state,  usually  referred  to  as  Er-bound  exciton,  is  frequently  postulated. 
The  same  state  is  then  also  believed  to  be  responsible  for  quenching  of  the  ErPLat  higher  temperatures.  However, 
the  actual  fingerprint  of  this  state  is  very  difficult  to  give,  and  its  characteristic  parameters  such  as  binding 
energy  and  lifetime  can  be  either  speculated  upon,  or  very  indirectly  estimated. 

We  present  the  first  investigation  of  intensity  and  decay  kinetics  of  the  low  temperature  PL  of  Er-doped  silicon 
under  the  influence  of  infrared  radiation  from  a  free-electron  laser.  The  Er  PL  is  excited  by  a  532  nm  pulsed 
NdYAG  laser;  upon  some  variable  delay  the  infrared  pulse  (tunable  between  6.5  and  18  pm)  is  applied.  The 
results  show  quenching  of  the  PL  by  the  IR  pulse  only  at  delays  shorter  than  approx.  200  ps.  At  longer  delays  no 
influence  of  the  infrared  pulse  on  the  PL  decay  can  be  observed  within  the  experimental  error.  Such  a  result  can 
be  readily  explained  if  one  assumes  that  the  quenching  process  is  only  possible  for  the  Er-related  BE  state,  and 
not  for  the  considerably  slower  decaying  excited  Er  state.  Following  this  interpretation  the  effective  lifetime  of 
the  intermediate  state  could  be  determined  as  approx.  30  ps.  This  value  is  considerably  longer  than  the  ones 
estimated  within  the  current  theoretical  models.  The  fact  that  the  quenching  effect  was  observed  for  all  the 
wavelengths  used  would  then  set  the  upper  limit  for  the  exciton  binding  energy  at  approx.  70  meV.  No  resonant 
quenching  of  Er  PL  has  been  found  for  the  investigated  energy  range. 

The  current  results  are  very  likely  to  represent  the  first  direct  experimental  data  on  the  BE  state  intermediating 
Er  core  excitation  which  constitutes  the  most  important  step  in  the  energy  transfer  process. 
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Recent  photoluminescence  (PL)  spectroscopy  studies  have  identified  a  number  of  Er  related  defect  centers  with 
different  crystal  surroundings  in  Si  [1].  The  most  intense  PL  yield  at  higher  temperatures  was  due  to  a  cubic  Er 
center,  which  was  suggested  to  be  isolated  Er  on  tetrahedral  interstitial  (T)  sites.  While  theoretical  investigations 
also  predict  that  T  sites  are  the  most  stable  sites  for  all  oxidation  states  of  isolated  Er  atoms  in  Si  [2],  direct  lattice 
location  using  the  Rutherford  backscattering  (RBS)  channeling  technique  has  failed  so  far  in  identifying  tetrahedral 
Er  in  Si  and  only  indicated  substitutional  (S)  sites  [3]  or  hexagonal  (H)  interstitial  sites  [4]. 

In  this  contribution  we  will  report  on  direct  lattice  location  of  Er  in  Si  using  the  emission  channeling  technique 
of  charged  particles  emitted  from  radioactive  isotopes.  Radioactive  '^^Tm  (tj/2=9  d)  was  implanted  with  60  keV 
into  FZ  and  CZ  Si  single  crystals  at  doses  around  4xlO'Vcm2  using  the  ISOLDE  facility  at  CERN.  This  isotope 
decays  into  the  excited  state  '^^"’Er  which  has  a  2.3  s  half  life.  Conversion  electrons  emitted  in  the  subsequent 
decay  of  ‘^‘^'"Er  were  recorded  with  a  position  sensitive  electron  detector.  This  technique  allowed  to  monitor  the 
lattice  sites  of  ‘^^'"Er  directly  after  room  temperature  implantation,  after  subsequent  isochronal  annealing  steps, 
and  also  in  situ  during  annealing  up  to  900°C.  The  angular  distribution  of  emitted  conversion  electrons  gives 
direct  evidence  that  the  major  fraction  (>55%)  of  •^’"’Er  occupies  tetrahedral  interstitial  (T)  sites,  once  the  samples 
are  annealed  above  ca.  600°C.  While  we  cannot  exclude  that  in  our  case  the  lattice  positions  of  Er  are  still 
influenced  by  the  chemical  nature  of  its  parent  Tm,  it  is  clear  from  the  lattice  location  results  during  annealing, 
that,  once  Er  occupies  T  sites,  it  will  be  stable  even  at  temperatures  of  900°C,  at  least  within  the  accessible  time 
window  of  a  few  seconds.  This  gives  direct  evidence  that  the  tetrahedral  position  indeed  represents  a  minimum 
of  the  configurational  energy. 

[1]  H.  Przybylinska,  W.  Jantsch,  Y.  Suprun-Belevitch,  M.  Stepikhova,  L.  Palmetshofer,  G.  Hendorfer,  A. 

Kozanecki,  R.J.  Wilson  and  B.J.  Sealy,  Phys.  Rev.  B  54  (1996)  2532. 

[2]  M.  Needels,  M.  Schliiter  and  M.  Lannoo,  Phys.  Rev.  B  47  (1993)  15533. 

[3]  Y.S.  Tang,  Z.  Jingping,  K.C.  Heasman  and  B.J.  Sealy,  Sol.  State  Comm.  72  (1989)  991. 

[4]  A.  Kozanecki,  J.  Kaczanowski,  R.  Wilson  and  B.J.  Sealy,  Nucl.  Instr.  Meth.  BUS  (1996)  709. 
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In  this  letter  we  report  the  first  EPR  observation  of  rare-earth  impurities  in  silicon  carbide  crystals.  The  samples 
were  erbium  doped  1  mm-thickness  ^itaxial  layers  which  were  grown  by  the  sublimation  sandwich-method  in 
vacuum  at  temperatures  1700-1750  X.  Several  anisotropic  groups  of  sharp  lines  were  observed  which  were 
identified  as  arising  from  Er^"^  centres  having  a  g  tensors  exhibiting  axial  and  nearly  orthorhombic  symmet^^.  A 
direct  identification  of  erbium  ions  have  been  established  by  the  presence  of  hyperfine  interaction  with  Er 
nuclei.  Three  lines  for  axial  Er^^  centre  which  seem  to  arise  from  different  lattice  sites  in  6H-SiC:Er  can  be 
indicated  with  close  principal  g  values.  For  the  most  intense  line  the  g-values  are  g|  |  =1.073,  g±=  8.071;  where 
the  parallel  axis  coincides  with  the  hexagonal  c-axis  of  the  crystal.  Besides,  three  groups  of  lines  which  seem 
also  to  arise  from  different  lattice  sites  have  been  observed.  The  similarity  of  the  EPR  spectra  orientation 
dependencies  implies  that  all  centres  have  the  same  nearly  orthorhombic  symmetries.  The  g-factors  for  the  most 
intense  lines  are:  gjx=\2.2,  g^  =4.192,  gj^  =2.54;  The  local  z-axes  directed  along  the  6  equivalent  orientations 
Si-C  which  are  -110^  (or  ~70  ;  away  from  the  c-axis  within  the  hexagonal  crystal  lattice.  The  directions  of  the 
A:-axes  are  in  a  plane  spanned  by  the  c-axis  and  their  z-axis  (in  { 1 1^0}  plane)  whereas  their  y-axis  is  perpendicular 
to  this  plane.  The  average  g  values  of  the  axial  and  orthorhombic  centres  will  be  ~5.7  and  ~6.3,  respectively,  and 
this  suggests  that  the  parent  cubic  ground  state  may  have  representation  for  axial  centre  and  T-j  one  for 
orthorhombic  Er  center.  Possible  structures  for  the  erbium  centres  are  discussed.  Presumably,  erbium  substitute 
for  silicon  and  lies  in  a  regular  environment  for  axial  center.  In  addition,  the  EPR  spectrum  of  the  excited  state 
of  Er'^'*’  in  6H-SiC  seems  to  be  observed  at  higher  temperature. 
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4  4 

Photoluminescence  in  the  neighborhood  of  1.54  Error!  Bookmark  not  defined.m  due  to  the  I13/2  -  I15/2 
intra-4/-shell  transitions  of  Er"^  ions  is  studied  in  6H  SiC  bulk  crystal  (nitrogen  donor  concentration  Error! 
Bookmark  not  defined.  SError!  Bookmark  not  defined.  10  cm  ).  Erbium  ions  were  implaiUed  into  SiC 
samples  at  room  temperature  at  an  energy  of  800  keV,  and  with  the  ion  doses  ranging  from  10  to  2Error! 
Bookmark  not  defined.  10^^  cm  After  implantation  the  samples  were  thermally  annealed  (1  hour)  at  1000, 
1 100,  and  1500Error!  Bookmark  not  defined.C.  The  4/-4/emission  of  Er^"^  ions  was  observed  only  in  samples 
annealed  at  1500Error!  Bookmark  not  defined.C. 

Rutherford  backscattering  measurements  showed  that  for  amorphizing  doses  of  erbium  most  of  the  Er  atoms 
diffuse  out  from  SiC  during  annealing  at  1 500Error!  Bookmark  not  defined.C.  As  a  result,  the  highest  emission 
intensity  was  observed  for  a  low  dose  (10  cm  )  implantation. 

The  effect  of  oxygen  co-implantation  on  the  4/-4/ luminescence  of  Er^^  was  studied.  Some  enhancement  of  the 
emission  intensity  was  observed,  but  no  differences  in  the  number  of  lines  and  their  wavelengths  between  the 
Ef^'*'  spectra  in  Er  and  Er  +  O  implanted  SiC  were  observed,  on  the  contrary  to  the  situation  found  in  other 
semiconductors.  It  is  concluded  that  the  1.54  Error!  Bookmark  not  defined.m  emission  of  erbium  in  SiC 
originates  from  Er+0  complexes,  which  are  always  formed  as  a  result  of  annealing  at  temperatures  exceeding 
ISOOError!  Bookmark  not  defined.C. 

Temperature  dependence  of  the  integrated  Er^"^  emission  intensity  and  the  decay  lifetime  Error^  Bookmark  not 
defined,  are  measured  in  Er-  and  Er+0  -doped  SiC  to  investigate  quenching  mechanisms  of  the  Er  luminescence. 
The  characteristic  decay  time  of  Error!  Bookmark^ot  defined.6  msec  at  2K  has  been  found.  Possible  models 
of  the  excitation  and  quenching  mechanisms  of  Er  in  SiC  are  discussed. 
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We  have  used  Fourier-transform  infrared  photoluminescence  (PL),  near  and  far  infrared  absorption,  and  Raman 
spectroscopy  to  investigate  nominally  undoped  and  intentionally  doped  (e.g.  B,  P,  Sb,  Te)  Ge-rich  Sii.xGcx 
(0.9<x<l)  alloys  grown  by  a  modified  Bridgman  method.  The  small  full  widths  at  half  maxima  (FWHM),  that 
are  between  2.5  and  4  meV  for  the  excitonic  near  bandedge  luminescence,  are  the  best  values  reported  in  literature 
up  to  now.  They  show  the  excellent  quality  of  the  samples.  Thus,  we  have  been  able  to  study  new  features  of  Ge- 
rich  SiGe  doped  and  undoped  alloys. 

We  compare  the  near  bandedge  shallow  bound  exciton  luminescence  and  the  associated  phonon  sideband  with 
near  bandedge  absorption  measurements,  which  were  performed  on  the  same  samples.  We  determine  the  Si 
concentration  from  the  position  of  the  no-phonon  (NP)  excitonic  near  bandedge  luminescence  lines  using  the 
equation  of  Weber  and  Alonso.  These  data  agree  well  with  X-ray  measurements.  The  FWHM  of  the  excitonic 
NP  line  of  our  samples  increases  with  rising  Si  concentration.  In  contrast  to  our  results  a  decrease  of  the  FWHM 
with  increasing  Si  concentration  is  reported  in  the  literature.  As  a  consequence,  this  decrease  of  the  FWHM, 
which  has  been  explained  by  alloy  fluctuations  ,  is  not  general  for  Ge-rich  Si^.xGcx-  The  formation  of  the 
second  derivative  of  the  absorption  data  not  only  reveals  an  excellent  fingerprint  of  the  LA  phonons  but  also 
offers  a  possibility  to  determine  the  absorption  threshold.  We  discuss  the  onset  for  absorption,  which  does  not 
coincide  for  all  the  samples  with  the  bound  exciton  luminescence  peak.  In  Te  and  Sb  doped  samples  we  observe 
the  emission  of  a  deep  luminescence  center,  which  shifts  with  the  near  band  edge  luminescence.  The  FWHM  of 
only  1 .5  meV  and  the  absence  of  phonon  coupling  reveal  a  strong  localization  of  the  center. 

We  compare  far  infrared  absorption  measurements  of  Ge-rich  Sij.xGcx  with  Raman  measurements.  The  latter 
reveal  the  appearance  of  high  energy  peaks  in  the  energetic  range  of  the  local  vibrational  mode  of  Si  {=  390  cm” 
depending  on  the  Si  concentration).  These  additional  peaks  cannot  be  observed  in  absorption  measurements. 
In  contrast  to  Gaisler  et  al.  these  peaks  together  with  two  other  absorptions  at  about  440  and  460  cm"^  appear 
already  at  Si  concentrations  of  less  than  3  %  and  they  are  discussed  in  respect  to  a  near  field  ordering.  Furthermore 
a  simple  shift  of  the  Ge-Ge  mode  (=  300  cm"  depending  on  Si  concentration)  to  lower  energy  with  rising  Si 
concentration  can  be  detected.  Fuchs  et  al.‘  did  not  observe  this  shift  and  they  explained  their  different  results 
with  disordering.  As  a  consequence,  our  measurements  most  definitely  reveal  that  this  observation  is  not  a 
general  feature  of  Ge-rich  Sij.xGcx- 

[1  ]  J.  Weber  and  H.  Alonso,  Phys.  Rev.  B  40  (1989),  5683 

[2]  V.A.  Gaisler,  O.A.  Kuznetsov,  I.G.  Neizvestnyi,  L.K.  Orlov,  M.P.  Sinyukov,  and  A.B.  Talochkin,  Sov.  Phys. 

Sol.  Stat.  31  (1989),  2006 

[3]  H.D.  Fuchs,  C.H.  Grein,  M.I.  Alonso,  M.  Cardonna,  Phys.  Rev.  B  44  (1991),  13120 
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Carbon  is  an  important  impurity  in  silicon  and  it  forms  a  range  of  complexes  among  which  substitutional  carbon 
Cs  is  the  most  prominent.  This  defect  has  tetrahedral  symmetry  and  gives  rise  to  a  single  three-dimensional  local 
vibrational  mode  at  607  cm"^  Cs  is  also  expected  to  exist  in  crystalline  Ge  due  to  the  similar  chemical  properties 
of  Si  and  Ge.  However,  the  lengths  of  C-C  and  Ge-Ge  bonds  differs  by  2.09  A.  This  implies  that  a  considerable 
strain  field  will  be  introduced  around  Cs  in  Ge  and,  therefore,  the  defect  may  be  unstable.  Si^.xGex  Cy  layers  of 
arbitrary  thickness  and  low  dislocation  density  can  be  grown  on  pure  Si  in  contrast  to  Sij.xGcy  layers.  The 
reason  is  that  the  carbon  atoms  compensate  the  4  %  mismatch  between  the  Si  and  Ge  lattice  constants.  This 
makes  Cs  an  interesting  and  important  defect  in  Sij.xGcx  compounds.  So  far,  only  the  Si-C  mode  at  607  cm 
has  been  observed  in  such  materials  and  it  remains  unknown  whether  Ge-C  bonds  are  formed. 

In  the  present  work,  carbon  is  implanted  into  monocrystalline  Ge  and  into  relaxed  epitaxial  MBE-grown  Si], 
xGex-  The  samples  are  studied  with  infrared  absorption  spectroscopy  along  with  ion-channelling  studies  on  the 
Ge  samples.  Finally,  ab-initio  local  density  functional  cluster  theory  is  applied  to  calculate  the  structure  and  the 
local  vibrational  modes  of  Cs  in  Ge.  After  implantation  of  ‘2C  in  Ge  at  room-temperature  and  subsequent 
annealing  at  350  ®C,  a  sharp  absorption  line  is  observed  at  531  cm'  .  When  C  is  substituted  by  C,  the  line 
shifts  down  in  frequency  to  512  cm"^  and  co-implantation  of  C+  and  C-i-  does  not  give  rise  to  additional 
lines.  Thus,  the  53 1  cm“^  line  represents  a  local  vibrational  mode  of  a  single  carbon  atom.  From  ion-channeling 
measurements  on  samples  annealed  at  450  ®C,  it  is  found  that  31  ±3  %  of  the  carbon  atoms  are  located  at 
substitutional  sites.  The  population  of  the  substitutional  site  and  the  intensity  of  the  53 1  cm'  mode  have  identical 
annealing  behaviour  and  it  is  concluded  that  the  53 1  cm  mode  is  the  three-dimensional  T2  stretch  mode  of  Cg 
in  Ge  The  calculated  frequencies  and  isotope  shifts  for  this  mode  are  in  good  agreement  with  the  observations. 

-1  .  .12 

In  Si06sGe035,  two  broad  absorption  lines  are  observed  at  551  and  592  cm  after  implantation  of  C  and 
subsequent  annealing  at  700  °C.  From  measurements  on  samples  implanted  with  C  and  co-implanted  with 
^^C  and  *^C  we  conclude  that  these  lines  represent  local  vibrational  modes  of  defects  containing  a  single  carbon 
atom.  When  the  germanium  concentration  is  increased  the  modes  shift  downwards  in  frequency  and  broaden. 
However,  their  frequencies  are  always  in  the  range  from  53 1  to  607  cm  ,  corresponding  to  the  frequencies  of  Cg 
in  Ge  and  Si.  A  simple  harmonic  oscillator  model  in  which  it  is  assumed  that  the  modes  originate  from  Cg  bound 
to  four  atoms  (Si  and  Ge)  can  at  least  qualitatively  account  for  the  experimental  data.  It  is  concluded  that  carbon 
in  Si^.xGCx  binds  to  both  Si  and  Ge. 
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The  interest  in  SiGe  alloy  layers  is  rapidly  increasing  and  a  large  effort  is  being  made  to  integrate  both  strained 
and  unstrained  SiGe  layers  into  the  main  stream  Si  device  industry.  However,  today’s  needs  for  sub  micron 
technology  and  band  gap  engineering  give  rise  to  new  questions  regarding  the  behavior  of  point  defects.  Among 
them  the  relationship  between  a  given  level  in  the  gap  and  the  energy  bands  it  interacts  with  is  of  prime  importance. 
In  a  Sij.xGex  alloy  the  band  gap  shrinks  significantly  when  the  Ge  fraction  x  is  changed.  For  instance,  for  0  <  x 
<  25  %,  the  corresponding  band  gap  reduction  is  close  to  100  meV,  thus  offering  a  powerful  tool  to  master  the 
band  gap  effect.  In  Si  the  temperature  variation  from  100  to  300  K  or  a  change  in  the  pressure  from  0  to  10  kbar 
allow  a  band  gap  reduction  of  few  tens  of  meV  only.  Consequently  investigation  of  pinning  effect  becomes 
much  easier  in  Sij.x^Cx  alloys  than  in  pure  Si. 

Using  deep  level  tranisent  spectroscopy  we  have  studied  and  identified  several  band  gap  levels  in  relaxed, 
molecular  beam  epitaxy  grown  Sij.xGex  (x  <  30  %).  The  levels  investigated  correspond  mainly  to  substitutional 
gold  and  to  a  large  variety  of  point  defects  formed  by  proton  irradiation.  The  point  defects  are  related  to  C  and  B 
impurities,  E-centers  and  di-vacancies,  all  of  them  introducing  levels  in  both  the  upper  and  lower  half  of  the  gap. 
In  addition,  the  Au  related  defect  has  both  donor  and  acceptor  levels.  Using  thermodynamic  concepts  linking  the 
carrier  exchange  rates  to  the  Gibbs  free  energies  of  the  thermally  activated  processes,  all  levels  were  found  to  be 
pinned  to  the  conduction  band.  These  observations  will  be  described  and  the  impact  of  the  statistical  Ge  fluctuation 
on  the  transport  kinetics  clearly  established. 
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Strain-relaxed  step-graded  Sij.xGex  /Si  structures  have  low  densities  of  threading  dislocations  and  thus  are  used 
as  buffer  layers  for  modulation-doped  field-effect  transistors.  The  extraordinarily  high  electron  mobilities  at  low 
temperature  observed  in  modulation-doped  strained  Si  layers  and  the  high  hole  mobilities  observed  in  strained 
Sij.xGex  or  Ge  layers  grown  on  these  buffer  layers  confirm  their  excellent  quality.  The  threading  dislocation 
densities  are  low  enough  that  they  have  no  effect  on  the  carrier  mobility.  For  device  reliability  and  for  other 
potential  device  applications,  however,  it  is  important  to  understand  the  effects  of  threading  dislocations  on  the 
electronic  and  optical  properties  of  relaxed  Sii_xGex  layers. 

Low  temperature  photoluminescence  (PL)  and  deep  level  transient  spectroscopy  (DLTS)  have  been  used  to 
study  electronic  states  associated  with  threading  dislocations  in  relaxed  Si^.xGcx  buffer  layer  structures.  The 
dominant  two  peaks  in  the  DLTS  spectrum  are  due  to  hole  traps  having  thermal  emission  activation  energies  of 
0.06  and  0.14  eV  in  Sio.7Geo.3v  The  annealing  behaviour  of  these  deep  levels  indicates  that  they  arise  from 
defect  complexes  at  the  dislocation  core  and  a  correlation  between  the  defect  concentration  and  the  oxygen 
concentration  in  the  film  suggests  that  oxygen  may  be  a  constituent  of  these  defect  complexes.  The  low  temperature 
PL  spectra  show-near-band  edge  features  due  to  excitonic  recombination  and  also  the  well-know  D-lines  associated 
with  dislocations.  We  have  shown  that  the  most  intense  near-band-edge  features  arise  from  the  recombination  of 
single  excitons  and  biexcitons  confined  in  local  potenlial  wells  due  to  alloy  composition  (or  strain)  fluctuations 
in  the  layers.  The  annealing  behaviour  of  the  D-lines  indicates  that  they  very  likely  arise  from  recombination  at 
intrinsic  states  of  the  dislocations.  Detailed  measurements  of  the  energy  shift  of  the  D]  and  D2  lines  upon 
annealing  show  that  D\  is  not  a  phonon  replica  of  D2.  The  energy  shift  of  Dj  is  due  to  strain-driven  interdiffusion 
of  Si  and  Ge,  which  results  in  the  widening  of  the  local  band  gap  at  the  dislocation  core. 

These  results,  along  with  other  recently  published  theoretical  and  experimental  work,  lead  to  the  view  that  in  the 
region  of  the  dislocation  core  there  is  an  energy  shift  of  the  valence  band  compared  to  that  in  the  Si^.xGCx 
crystal,  due  to  the  strain  field  of  the  dislocation.  This  results  in  a  potential  well  for  holes  at  the  dislocation. 
Localized  states  also  occur  at  intrinsic  defects  such  as  reconstruction  defects,  kinks  or  jogs  and  at  point  defect 
complexes  the  dislocations.  Although  most  of  the  volume  of  the  epitaxial  layer  has  the  properties  of  “bulk”  Si]. 
xGex,  the  dislocations  act  as  “wires”  with  a  reduced  band  gap  and  localised  electronic  states. 
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Oxygen  is  one  of  the  most  common  contaminants  in  semiconductors.  For  the  dominant  oxygen  center  in  GaAs, 
infrared  local  vibrational  mode  (LVM)  absorption  measurements  show  three  absorption  lines  at  around  730  cm 
\  indicating  that  one  oxygen  atom  couples  with  two  Ga  atoms[l].  Detailed  experiments  under  short  time 
illumination  and  thermal  treatments  show  that  this  center  has  a  negative-U  character[2].  The  atomic  configuration 
of  this  oxygen  center  has  been  thought  to  be  similar  to  that  of  the  A  center  in  silicon:  an  oxygen  atom  occupies 
the  As  substitutional  site,  but  it  moves  along  the  (001)  direction,  coupling  with  two  Ga  atoms.  The  center  is 
termed  O-V^s.  This  atomic  configuration  seems  to  be  well  accepted,  but  the  calculations  by  using  a  local- 
density-functional  cluster  method  indicated  that  this  configuration  is  not  stable  for  a  neutral  charge  state[3].  To 
clarify  the  atomic  configuration  of  the  oxygen  center  in  GaAs,  we  calculated  the  stable  atomic  configurations  at 
various  sites  and  various  charge  states.  The  calculations  were  carried  out  within  the  local  density  functional 
approximation.  Soft-pseudopotentials  for  Ga,  As,  and  oxygen  were  used[4].  A  32-atom  supercell  was  used  and 
the  lattice  was  relaxed  for  each  configuration  and  each  charge  state. 

Our  calculated  results  for  the  0-V^s  center  also  show  that  this  configuration  is  not  stable  for  the  neutral  state. 
Moreover,  our  calculations  show  that  the  reaction  of  Asjnter  +  Gas  Winter  occurs  easily,  suggesting  the 
interstitial  oxygen  is  more  stable  than  the  substitutional  oxygen.  For  the  neutral  charge  state,  the  calculated 
stable  position  of  the  interstitial  oxygen  is  the  site  which  is  shifted  from  the  Td  interstitial  site  toward  the  As 
atom  along  the  (001)  direction.  Hence,  the  oxygen  atom  couples  with  two  Ga  atoms.  For  1-  and  2-  charge  states, 
the  oxygen  atom  moves  back  toward  the  Td  interstitial  site.  For  these  states,  the  Ga-0  bonds  become  weaker 
than  that  for  the  neutral  state.  This  tendency  is  consistent  with  the  observed  LVM  frequencies  for  different 
charge  states.  We  also  calculated  the  formation  energy  as  a  function  of  the  Fermi  level.  It  was  found  that  the  O- 

center  does  not  have  the  negative-U  character,  but  the  interstitial  oxygen  shows  the  negative-U  character. 
Thus,  the  present  calculations  show  that  the  experimentally  observed  LVM  signals  are  not  due  to  the  O-V^g 
center,  but  due  to  the  interstitial  oxygen. 

[1  ]  J  Schneider  et  al.  1 989  AppL  Phys.  Lett.  54  1 442. 

[2]  H  Ch  Alto  1 990  Phys.  Rev.  Lett.  31  3421 . 

[3]  R  Jones  and  S  Oberg  1992  Phys.  Rev.  Lett.  136  136. 

[4]  D  Vanderbilt  1990  Phys.  Rev.  B  41  7892;  N  Troullier  and  J  Martins  1991  Phys.  Rev.  B  43  1993. 
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Resonant  interactions  between  weakly  coupled  systems  play  an  important  role  in  a  variety  of  phenomena  in 
solid  state  physics.  The  study  of  such  interactions  has  led  to  discoveries  of  new  quasi-particles  such  as  polarons 
and  polaritons.  Thus  far  most  of  these  studies  have  been  limited  to  interactions  between  electronic  and  vibronic 
subsystems  of  the  lattice,  since  small  changes  in  electronic  properties  can  be  easily  detected  and  the  energy 
levels  may  be  tuned  by  external  perturbations  such  as  magnetic  field  or  pressure.  We  report  evidence  of  a 
resonant  interaction  between  local  vibrational  modes  (LVM’s)  and  extended  lattice  phonons  that  gives  rise  to  a 
new  collective  excitation  called  a  “localon.” 

Using  infrared  spectroscopy  we  have  observed  localons  in  AlSb  and  GaAs.  In  AlSb,  the  LVM-phonon  interaction 
leads  to  a  splitting  of  the  Se-H  stretch  mode  into  three  peaks  at  1 606.3, 1 608.6,  and  1 6 1 5.7  cm  at  liquid-helium 
temperatures.  The  Se-D  stretch  mode,  by  contrast,  does  not  show  any  splitting.  We  propose  that  the  anomalous 
splitting  of  the  Se-H  mode  is  a  result  of  the  local  mode  interacting  with  two  different  multi-phonon  combinations. 
As  the  temperature  or  hydrostatic  pressure  is  varied,  the  stretch  mode  and  multi-phonon  modes  show  anti- 
crossing  behavior.  We  can  quantitatively  explain  our  observations  with  a  three-level  model. 

In  GaAs,  the  interaction  between  the  ^^Cas  LVM  and  a  two  optical  phonon  mode  gives  rise  to  a  sideband  on  the 
low  energy  side.  As  the  temperature  increases  from  200  to  500  K,  the  main  peak  merges  with  the  sideband  and 
broadens.  We  use  a  Green’s  function  approach  to  describe  the  temperature  dependence  of  the  line  shape.  Although 
it  is  unclear  which  phonons  in  the  Brillouin  zone  interact  most  strongly  with  LVM’s,  the  fact  that  resonant 
interactions  are  observed  in  two  very  different  defects  and  hosts  suggests  that  this  is  a  general  phenomenon. 
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The  observations  of  an  enhancement  in  the  oxygen  diffusion  rate  in  Si  caused  by  H  and  a  shallow  thermal  donor 
defect  incorporating  H  has  stimulated  a  study  of  oxygen-hydrogen  defects.  The  recent  detection  of  an  oxygen 
vibrational  mode  at  1075  cm*'  in  samples  soaked  in  hydrogen,  which  is  shifted  upwards  by  about  1  cm'*  for  the 
deuterium  case,  has  provoked  a  great  deal  of  interest.  Here  we  show  that  this  anomalous  shift  can  be  explained 
by  the  presence  of  a  small  H-containing  molecule  near  to  interstitial  oxygen  and  lying  at  an  interstitial  cage  site. 
Results  are  given  for  H2  and  for  a  water  molecule,  both  of  which  lead  to  an  upward  shift  of  the  frequency  of  the 
interstitial  oxygen  mode.  Both  types  of  molecules  lead  to  vibrational  modes  in  the  3500-4000  cm  ■'  region  but 
those  of  the  molecule  are  close  to  modes  recently  detected  using  FTIR  [1]. 

[1]  E.  Pritchard,  M.  J.  Ashwin,  R.  C.  Newman,  J.  H.  Tucker,  E.  C.  Lightowlers,  M.  J.  Binns,  R.  Falster,  and  S.  A. 
McQuaid,  this  conference. 
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Contamination  by  transition  metal  impurities  is  a  major  concern  in  Si  processing.  In  particular,  Fe  is  incorporated 
as  highly  mobile  and  soluble  interstitials  (Fe,)  either  during  device  processing  or  due  to  starting  material  impurity. 
(Fci)  and  Group  III  impurities  (B,  Al,  etc.)  form  Fe-acceptor  pairs  in  Si.  Both  isolated  and  paired  Fei  introduce 
deep  levels  in  the  bandgap,  which  act  as  recombination  centers  causing  the  decrease  of  minority  carrier  lifetime. 
Fei  is  removed  from  Si  by  gettering  mechanisms  that  include  precipitation  at  defects  and  outdiffusion.  For 
integrated  circuit  applications,  precipitation  in  bulk  region  of  the  wafer,  “intrinsic  gettering”,  can  be  effective  in 
cleaning  the  surface  device  region.  For  solar  cells,  outdiffusion  gettering  is  necessary  to  clean  the  entire  wafer 
bulk.  The  gettering  kinetics  and  the  associated  defect  thermodynamics  for  these  processes  are  not  completely 
understood  within  a  self-consistent  framework.  In  this  paper,  for  the  first  time,  we  give  a  detailed  picture  of  the 
Fe  gettering  kinetics  for  highly  contaminated  Si  and  characterize  Fe-related  defects  generated  in  the  gettering 
process. 

Fe  is  introduced  into  B-doped  {\em  p}-type  Cz  and  FZ  Si  at  its  solubility  limit  at  1000°C.  The  donor  levels  of 
Fej,  Fcj  Bg  and  Fej  Alg  pairs  are  used  as  fingerprints  to  determine  the  dissolved  [Fe]  by  DLTS  measurements. 
The  minority  carrier  lifetime  and  diffusion  length  are  measured  by  EBIC  and  RFPCD  techniques,  respectively. 
For  Cz  Si,  variation  of  the  annealing  temperature  (620'^C,  700°C,  and  800°C)  and  time  (10min-15hrs)  reveals 
that  two  different  kinetic  regimes  exist  in  the  Fe  gettering  process.  The  first  regime  is  dominated  by  rapid  Fe 
precipitation  at  0-precipitate  nuclei  with  limited  Fe  outdiffusion.  The  Fe  precipitate  size  and  density  are  estimated 
to  be  on  the  order  of  10-20  nm  and  5x10^  cm'^,  respectively.  The  second  regime  features  dissolution  of  Fe 
precipitates  in  balance  with  the  Fe  outdiffusion  process.  For  samples  with  [Fe]«[B],  the  Fej  Bg  pairs  are  found 
to  be  the  dominant  minority  carrier  recombination  centers  by  correlation  of  [Fej  Bg]  versus  the  minority  carrier 
diffusion  length.  Similar  experiments  on  FZ  Si  and  high  temperature  rapid  thermal  anneal  (RTA)  pre-treated  Cz 
Si  explore  the  outdiffusion  regime,  independently.  TEM  is  used  to  study  Fe  precipitate  structure  and  size 
distribution.  Our  data  is  used  to  develop  a  comprehensive  kinetic  model  for  Fe  gettering  processes  including  the 
roles  of  temperature,  time,  doping  level,  solubility,  and  precipitate  nuclei.  The  model  includes  both  atomistic 
pair  equilibria  and  continuum  diffusion  and  segragation  analyses.  The  model  predicts  contamination  tendency, 
gettering  rate  and  minority  carrier  lifetime  for  wafers  of  arbitrary  thermal  history. 
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Over  30  years  of  experimental  efforts  to  identify  the  Mossbauer  spectra  of  (differently  charged^  interstitial  and 
substitutional  Fe  in  silicon,  comprising  diffusion  and  ion  implantation  of  both  radioactive  ^^Co  parent  and 
stable  ^^Fe  Mossbauer  isotopes,  have  led  to  a  generally  accepted  identification  of  the  spectrum  for  interstitial 
Fe,  whereas  conflicting  interpretations  still  prevail  for  substitutional  Fe.  Here,  we  present  first  results  obtained 
from  ion  implantations  of  radioactive  ^^Mn'*’  parent  isotopes,  an  approach,  which  is  shown  to  have  striking 
advantages  over  the  previous  experimental  schemes;  the  results,  excitingly,  both  corroborate  and  challenge 
previous  interpretations  and  lead  to  a  conceivable  reinterpretation. 

Laser  resonance  ionisation  has  been  applied  to  produce  ions  of  radioactive  Mn  isotopes  obtained  from  proton- 
induced  fission  in  a  UC2  target  at  the  ISOLDE  on-line  mass-separator  at  CERN  with  a  1  GeV  proton  beam  from 
the  PS-Booster  accelerator.  The  radioactive  ion  beams  were  found  to  have  unprecedented  intensity  A  for 
^^Mn'*’)  and  purity  owing  to  the  efficiency  and  chemical  selectivity  of  the  laser  ionisation  scheme.  The  Mn'*' 
(Ti/2  =  1.3  m)  probe  atoms  were  implanted  into  n-  and  p-type  silicon  with  an  energy  of  60  keV  at  77  and  297  K 
to  fluences  <10^^/cm^.  In  the  p” -decay  to  the  14  keV  Mossbauer  state  of  ^^Fe  an  average  recoil  energy  of  20  eV 
is  imparted  on  the  Fe  daughter  nucleus.  Thus  with  a  high  probability  the  Fe  atoms  are  displaced  from  the  Mn 
parent  site,  presumably  predominantly  the  tetrahedral  interstitial  site,  and  both  single  lines  attributed  to  interstitial 
Fei  and  substitutional  Fes  are  observed  in  the  spectra  apart  from  a  small  fraction  in  a  defect  structure  characterized 
by  a  quadrupole  split  line.  As  only  the  nuclear  charge  changes  in  the  ?  -decay  and  interstitial  (and  substitutional) 
Mn  are  known  to  have  negative,  neutral  and  positive  charge  states  in  the  band  gap,  the  charge  state  of  the  Fe 
daughter  atoms  can  be  controlled  by  the  Mn  parent  charge  state  and  its  Fermi-level  dependence.  Thus  a^iTference 
in  isomer  shift  observed  for  interstitial  Fei  in  n-  and  p-type  material  is  attributed  to  the  known  Fei  charge 
states,  whereas  no  difference,  i.e.  no  charge  state  in  the  band  gap,  is  indicated  for  Fes  •  The  Fei^s  isomer  shifts, 
i.e.  electron  densities,  are  found  to  be  in  an  overall  fair  agreement  with  theoretical  predictions  as;  well  as  with  a 
previous  experimental  value  from  ion  implantations  of  ^  Xo'*'  for  Fes,  whereas  a  previous  value  for  Fei  from 
recoil  implantations  of  Coulomb  excited  ^^Fe  is  argued  in  the  light  of  the  present  results  to  be  due  to  Fe;'*'. 
However,  the  difference  in  electron  densities  for  the  Fe]^^'*’  states  is  opposite  to  that  expected  from  ab-initio 
LMTO  calculations.  The  possible  origin  of  these  deviations  will  be  discussed  and  ^  ^Mn  experiments  will  be 
proposed  to  resolve  open  questions  concerning  the  atomic  and  electronic  structure  of  Fei^s  point  defects  in 
silicon  as  well  as  the  charge  state  dependent  diffusivities. 
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Copper  is  a  prevalent  contaminant  in  silicon  with  nefarious  effects  on  device  performance.  Removal  or  gettering 
of  unintentional  Cu  contamination  out  of  the  device  region  is  desired.  A  standard  method  to  remove  impurities 

from  the  near  surface/device  region  is  via  internal  gettering  which  utilizes  oxygen  precipitates  in  the  material 
bulk.  This  method  requires  undesirable,  long/low  temperature  anneals  for  efficient  gettering.  To  obtain  effective 
gettering  under  any  annealing  condition,  “proximity”  gettering  methods  located  near  the  device  region  have 
been  the  focus  of  recent  research  with  a  particular  interest  in  mechanisms  which  do  not  require  an  impurity 
supersaturation.  One  promising  method  uses  cavities  formed  by  He  implantation  which  getter  metal  impurities 
on  the  cavity  wall  by  chemisorption  as  well  as  metal-silicide  precipitation.  In  order  to  quantify  the  Cu  gettering 
capability  of  these  mechanisms,  a  characterization  technique  which  provides  an  unambiguous  fingerprint  for  Cu 
with  high  sensitivity  is  strongly  desired.  Established  techniques  have  not  fulfilled  these  requirements.  Our  research 
has  concentrated  on  detecting  low  concentrations  of  Cu  in  silicon  together  with  determining  the  gettering 
efficiencies  and  stabilities  of  cavities  and  internal  gettering  sites. 

In  this  work,  we  measure  interstitial  Cu  (Cuj)  concentrations  in  silicon  with  use  of  the  transient  ion  drift  (TID) 
technique  which  exploits  the  capacitance  change  induced  by  Cuj  transient  drift  in  the  depletion  region  of  a 
Schottky  barrier.  TID  allows  for  detection  of  Cuj  contamination  down  to  10  Cu[  atoms/cm  .  After  Cu  in¬ 
diffusion  at  elevated  temperatures  and  rapid  quenching,  we  have  determined  the  majority  of  the  Cu  remains  in 
the  interstitial  state  after  the  quench  with  agglomeration  transpiring  over  many  hours  at  room  temperature.  Also, 
we  have  quantitatively  determined  the  total  Cu  concentration  in  silicon  by  completely  dissolving  precipitated 
Cu  back  into  the  interstitial  state  with  the  use  of  rapid  thermal  annealing  followed  by  a  rapid  quench. 

Additionally,  we  have  monitored  Cu  behavior  in  the  presence  of  various  gettering  mechanisms.  Specifically, 
TID  and  secondary  ion  mass  spectroscopy  (SIMS)  were  used  to  quantitatively  study  the  gettering  of  Cu  to 
implantation-induced  cavities  and  standard  internal  gettering  sites  in  silicon.  The  cavities  were  formed  in  the 
near  surface  region  by  He  implantation  and  annealing  while  the  internal  gettering  sites  were  created  in  the  bulk 
by  oxygen  precipitation.  Long  furnace  anneals  were  used  in  the  gettering  treatments  to  establish  which  mechanism 
provided  the  most  stable  site  for  the  Cu.  Based  on  our  SIMS  results,  the  cavities  possess  a  significant  fraction  of 
the  in-diffused  Cu  while  our  combined  SIMS  and  TID  measurements  show  the  internal  gettering  sites  have 
captured  only  a  small  fraction.  Based  on  these  results,  we  can  conclude  that  the  cavity  layers  provide  a  highly 
stable  gettering  site  and  possess  a  higher  gettering  efficiency  for  Cu  than  internal  gettering  sites. 
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We  studied  the  recombination-enhanced  Fe  atom  jump  between  the  first  (1st)  and  second  (2nd)  neighbor  sites  of 
Fe-Ga  and  Fe-In  pairs  in  Si  with  the  use  of  electron  spin  resonance  (ESR)  method  which  distinguishes  those 
neighbors  easily. 

Specimens  were  floating-zone  grown  Si  doped  with  Ga,  In  and  A1  at  about  3x1015  cm-3.  Iron  was  doped  in 
specimens  by  annealing  them  in  Fe  vapor  followed  by  quench.  Fe-acceptor  pairs  were  generated  by  annealing 
specimens  at  80°C  for  50  min  after  quench.  Specimens  were  illuminated  by  monochromatic  light  at  appropriate 
temperatures  around  150  K.  The  concentrations  of  various  Fe-acceptor  pairs  were  determined  from  the  absorption 
intensity  of  ESR  at  10  K  after  illumination. 

Under  optical  illumination,  activation  energies  of  Fe  atom  jump  between  the  1st  and  2nd  neighbor  pair  were 
about  0.11,  0.08  and  0.02  eV  which  were  much  smaller  than  those  of  thermal  activation  energies  without 
illumination  0.82, 0.75  and  0.69  eV  for  Fe-AI,  Fe-Ga  and  Fe-In  pairs,  respectively.  The  magnitude  of  reduction 
of  activation  energies  were  interpreted  to  be  supplied  by  the  recombination  energy  of  electron  and  hole  at  Fe- 
acceptor  levels.  Threshold  energies  of  optical  illumination  for  the  enhanced  motion  of  Fe  atom  were  1.095, 
1 .091  and  0.99  eV  for  Fe-AI,  Fe-Ga  and  Fe-In  pairs,  respectively.  These  threshold  energies  were  interpreted  to 
be  the  energy  differences  between  the  bottom  of  conduction  band  and  acceptor  levels  of  those  Fe-acceptor  pairs. 

We  interpret  above  results  as  follows.  Free  holes  in  the  valence  band  are  captured  by  Fe-acceptor  which  become 
positively  charged.  Electrons  in  the  conduction  band  are  captured  acceptor  levels  of  Fe-acceptor  pairs  and  then 
recombine  with  holes.  Recombination  energy  is  therefore  the  energy  difference  between  the  acceptor  levels  and 
donor  levels  of  Fe-acceptor  pairs.  Some  part  of  the  recombination  energy  are  consumed  to  enhance  the  Fe  atom 
motion.  Applying  Sumi’s  theory  ^  to  our  experimental  results,  we  estimated  the  fraction  of  the  recombination 
energy  used  for  enhancing  the  Fe  atom  motion  to  be  about  0.7. 

[1]  H.  Sumi,  Phys.  Rev.,  B29,  4616  (1984) 
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Defect  clusters  are  observed  in  the  rapidly  grown  silicon  used  for  low-cost  devices  .such  as  solar  cells.  Defect 
clusters  consist  of  local  agglomerations  of  dislocation  networks  and  stacking  faults  that  are  caused  by  the  strong, 
non-uniform,  thermal  .stresses  that  can  exist  in  rapidly  growing  material.  Because  the  defect  clusters  can  be 
efficient  nucleation  sites,  they  become  decorated  with  impurity  precipitates  during  crystal  growth.  Consequently, 
the  gettering  and  passivation  processes  that  are  the  conventional  methods  to  ameliorate  the  effects  of  impurities 
and  defects  do  not  work  well  in  the  regions  of  defects  clusters.  These  characteristics  enhance  the  electrical 
activity  of  defects  and,  hence,  their  ability  to  degrade  the  performance  of  large-area  devices.  Indeed,  the 
performance  of  large-area  solar  cells  is  limited  primarily  by  the  defect  clusters. 

Defect  clusters  influence  a  device  via  a  number  of  mechanisms.  They  act  as  sites  of  high  carrier  recombination 
by  lowering  the  local  minority  carrier  lifetime  and  producing  severe  shunting  of  a  device.  Furthermore,  because 
the  defect  clusters  are  not  uniformly  distributed,  their  effect  on  various  device  parameters  depends  on  their 
spatial  distributions.  This  paper  describes  a  comprehensive  electronic  model  that  can  be  applied  to  determine  the 
effects  of  defect  clusters  in  large-area  power  devices  such  as  solar  cells.  This  model  combines  both  the  microscopic 
and  the  macroscopic  behaviors  of  defects. 

To  determine  the  effect  of  defect  clusters  on  a  large-area  device,  we  first  model  the  microscopic  behavior  of 
dislocations  in  a  N/P  junction  device.  This  model  describes  the  carrier  recombination  effects  associated  with 
dislocation  segments  in  various  regions  of  a  small-area,  isolated  device  on  its  I-V  characteristics.  In  particular,  it 
calculates  the  influence  of  defects  on  the  minority-carrier  properties  of  the  substrate  and  the  voltage-dependent 
dark  currents  of  the  device.  Next,  a  given  spatial  distribution  of  dislocations  in  a  large-area  device  is  simulated 
by  a  network  of  microscopic  devices  with  an  appropriate  distribution  of  the  defects.  This  composite  model 
accurately  predicts  various  parameters  of  a  large-area  solar  cell  and  explains  some  counter-intuitive  phenomena 
that  have  been  experimentally  observed.  For  example,  the  results  show  that  in  a  large-area  device  the  defect 
clusters  produce  local  shunts  that  act  as  “sinks”  to  dissipate  power  internally  in  the  device.  Likewise,  it  is  found 
that  the  influence  of  defect  clusters  depends  not  only  on  the  total  number  of  dislocations,  but  on  the  distribution 
of  dislocations  as  well. 
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We  present  the  first  findings  of  the  infrared  induced  emission  from  the  silicon  quantum  wires,  which  is  due  to 
the  formation  of  a  correlation  gap  in  the  DOS  of  degenerate  hole  gas.  The  quantum  wires  of  this  art  are  created 
by  electrostatic  confining  potential  due  to  impurity  correlations  inside  ultra-shallow  p  -n  junctions  which  are 
realized  using  controlled  surface  injection  of  self-interstitials  and  vacancies  in  the  process  of  non-equilibrium 
boron  diffusion. 

The  diffusion  experiments  involving  boron  were  performed  from  gas  phase  into  350  pm  thick  n-type  Si  (100) 
wafers.  The  working  and  back  sides  of  wafers  were  previously  oxidized  using  the  thermal  oxidation  process. 
The  parameters  varied  in  the  course  of  the  short  time  diffusion  of  boron  were  the  oxide  overlayer  thickness, 
diffusion  temperature  (800°C- 1 1 00°C)  and  Cl  levels  in  the  gas  phase.  Diffusion  profiles  measured  using  SIMS 
technique  demonstrate  the  depths  in  the  range  from  5  nm  to  20  nm.  The  cyclotron  resonance  findings  and 
current- voltage  characteristics  measured  at  different  angles  between  the  p  n  junctions  plane  and  the  bias  voltage 
show  that  the  p^  diffusion  profiles  consist  of  both  natural  longitudinal  and  lateral  quantum  wells,  the  relative 
number  of  which  is  determined  by  the  non-equilibrium  diffusion  conditions.  Besides,  the  crystallographically 
dependent  quantized  conductance  obtained  at  high  temperature  (77  K  and  300  K)  has  revealed  the  quantum 
wires  induced  inside  natural  quantum  wells  by  the  strong  electrostatic  confining  potential  due  to  ordering  B  -B' 
dipole  centres. 

Using  Temperature  dependencies  of  thermal  friction  coefficient  as  well  as  direct  and  reversal  CV  characteristics, 
the  C3V  symmetry  B'''-B’  dipole  centres  are  demonstrated  to  cause  the  formation  of  a  correlation  gap  in  the  DOS 
of  degenerate  hole  gas  in  the  crystallographically  oriented  quantum  wires.  The  dispersion  in  the  energy  of  a 
correlation  gap  is  dependent  on  local  fluctuations  in  the  dopant  distribution  along  a  quantum  wire,  which  represent 
the  places  of  the  creation  of  isolated  quantum  dots  under  the  gate  voltage. 

The  generation  of  similar  quantum  wires  with  isolated  quantum  dots  using  external  electric  fields  has  been 
found  to  be  responsible  for  the  infrared  emission  in  the  range  1-10  pm,  which  is  induced  by  the  injection  of  non¬ 
equilibrium  carriers  into  quantum  wire  systems.  These  results  represent  the  basis  toward  the  infrared  silicon 
lasers  in  which  both  electrons/holes  and  photons  are  fully  quantized.  The  dipole  impurity  microcavity  that  is  a 
length  of  quantum  wire  restricted  by  two  isolated  quantum  dots  is  shown  to  produce  the  lasing  oscillations  at  the 
wavelengths  determined  by  a  correlation  gap  value,  which  coincide  with  the  resonance  wavelength  of  the 
microcavity.  The  threshold  character  of  the  irradiative  power  and  dynamic  spectrum  narrowing  found  at  3591 
nm,  3744  nm,  3969  nm,  4457  nm  and  4881  nm  as  a  function  of  the  current  that  traverses  the  quantum  wire  with 
isolated  quantum  dots  are  evidence  of  light  stimulated  emission  from  silicon  nanostructures. 
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We  have  applied  high-resolution  electron  energy  loss  spectroscopy  (HR-EELS)  to  exploring  localized  electronic 
structures  of  extended  defects  in  Si.  In  contrast  to  applications  of  conventional  EELS  such  as  an  analysis  of 
chemical  bonding,  our  study  aims  to  observe  directly  the  interband  transitions  due  to  the  extended  defects. 

The  extended  defects  in  Si  have  a  strong  tendency  to  cause  the  lattice  reconstruction.  Consequently,  the  defects 
are  usually  thought  to  be  neither  electronically  nor  optically  active.  Therefore,  the  defects  have  never  been 
detected  by  transmission  electron  microscopy  (TEM)  observation  unless  they  grow  larger  than  nanometer. 
However,  the  recent  electronic  computations  of  extended  defects  based  on  the  atomic  structure  data  have  shown 
that  the  reconstructed  extended  defects  yield  the  defect-localized  states  near  the  band  edges  and  inside  the 
valence  bands. 

We  have  performed  HR-EELS  measurements  using  a  TEM-based  spectrometer  equipped  with  a  field-emission- 
type  electron  gun  and  monochromators.  The  incident  electron  energy  was  60  keV  and  the  energy  resolution  was 
about  0.1  eV.  The  electron  probe  was  180  nm  in  diameter.  We  have  obtained  the  complex  dielectric  functions  of 
both  perfect  crystal  and  the  {1 13}  defects  through  the  Kramers-Kronig  transformation  of  the  EELS  spectra  in  a 
low-loss  region.  Analyzing  the  imaginary  parts  of  the  dielectric  function  in  which  the  two  peaks  appear  at  about 
2.2~2.5  eV  and  4.5  eV,  we  have  found  that  the  lower-energy  peak  shifts  to  the  lower  energy  by  0.3  eV  and  is 
intenser  in  the  defects.  The  results  are  analyzed  in  terms  of  the  joint  density  of  states  (JDOS)  obtained  by  a  tight 
binding  calculation  and  a  first  principle  calculation.  We  suggest  that  the  defect  localized  states  near  the  band 
edges  contribute  to  the  dielectric  function. 
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The  technologically  important  process  by  which  oxygen  (Oj)  in  Czochralski  silicon  clusters  is  not  understood. 
At  high  temperatures  (T>700°C),  and  for  times  beyond  those  associated  with  nucleation,  the  rate  of  precipitate 
growth  appears  to  be  controlled  by  the  diffusivity  of  Oj  atoms  (Doxy)  and  implied  values  are  close  to  measured 
ones.  The  same  has  not  been  established  during  the  nucleation  stage.  Meanwhile,  there  has  been  a  long  debate 
about  whether  or  not  Doxy  during  clustering  at  lower  temperatures  can  be  assumed  to  be  close  to  an  extrapolation 
of  these  results.  Enhancements  of  Doxy,  would  be  necessary  to  explain  how  the  series  of  thermal  donor  (TD) 
defects  might  be  distinguished  by  the  incorporation  of  different  numbers  of  clustered  0-atoms,  though  the 
structure  of  these  defects  has  not  been  established.  On  the  other  hand,  measurements  of  out-  diffusion  imply 
values  which  are  much  larger  than  normal  but  they  exhibit  a  complicated  dependence  on  [Oj]  and  anneal  time. 
The  kinetics  of  the  loss  of  [Oj]  from  solution  at  these  low  temperatures  are  now  well  defined.  At  the  lowest 
temperatures  (T<400°C)  the  rate  depends  on  [O,]^  and  is  directly  related  to  an  extrapolation  of  measurements  of 
the  loss  of  stress-induced  dichroism  at  even  lower  temperatures.  The  straight-forward  interpretation  is  that 
clustering  is  limited  by  D^xy  that  its’  value  is  not  significantly  greater  during  clustering  than  is  expected  for  the 
singly  activated  process  with  E^.  2.53eV,  and  that  O2  dissociation  is  not  significant.  For  anneals  at  higher 
temperatures  (400<T<500°C),  the  rate  depends  on  increasingly  large  powers  of  [Oj]  and  is  reduced  relative  to  an 
extrapolation  (E^.  2.53eV)  of  the  lower  temperature  results.  It  is  clear  that  a  reverse  reaction  is  becoming 
competitive,  but  a  quantitative  explanation  seems  to  require  that  relatively  large  clusters  are  being  formed  at 
rates  close  to  those  at  which  Oj-Oj  interaction  has  been  assumed  to  occur:  there  is  little  alternative  but  to  assume 
that  O2  must  diffuse  relatively  rapidly.  While  the  kinetic  observations  can  thus  be  explained  together  TDs  could 
be  associated  with  the  series  of  large  stable  agglomerates  (On:n>7)  that  would  then  form  by  dimer  agglomeration, 
this  scheme  does  not  naturally  account  for  a  wide  range  of  other  observations:  fast  realignment  of  TDs,  their 
complicated  annealing,  the  detection  of  other  clusters  with  concentrations  proportional  to  [Oj]  in  as-grown 
material,  and  their  evolution  during  anneals  together  with  the  early  TDs.  Although  the  concept  of  the  rapidly 
diffusing  dimer  provides  a  mathematical  solution  to  the  kinetic  problem,  it  may  not  be  physically  realistic.  In 
this  work  we  present  calculations  which  demonstrate  that  a  fundamentally  different  explanation  of  the  kinetic 
observations  is  possible,  one  that  does  not  require  that  any  complex  diffuses  rapidly.  As  a  proof  of  principle,  it  is 
demonstrated  that  if  a  rapidly  diffusing  defect  is  ejected  by  02  which  subsequently  catalyses  the  rate  of  Oj 
hopping  and  dimer  dissociation  then  the  observation  of  second  order  kinetics  need  not  imply  that  O2  is  stable. 
The  underlying  activation  (E^  2.5eV)  implied  by  the  measurements  would  then  relate  to  the  rate  of  catalyst 
generation  by  O2  The  challenge  then  is  to  explain,  the  absence  of  even  larger  enhancements  at  the  lower 
temperatures  at  which  the  rate  of  loss  of  stress-induced  dichroism  has  been  measured.  While  the  catalyst  might 
be  the  self-  interstitial,  it  seems  that  vacancies  would  also  have  to  be  released  as  a  second  dissociation  step. 
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The  oxygen  dimer  should  be  the  first  step  in  the  clustering  process  of  oxygen  in  silicon.  However,  no  strong 
experimental  indications  of  its  existence  have  been  presented  so  far.  Recently  a  model  for  the  dimer  formation 
has  been  presented  and  it  was  suggested  that  an  infrared  absorption  band  observed  at  1012  cm  originates  from 
the  oxygen  dimer  [1]. 

In  this  investigation  correlated  bands  at  about  1012, 1060  and  1105  cm‘^  have  been  studied  using  heat-treatments 
at  temperatures  in  the  range  350-1000°C.  The  duration  of  the  treatment  was  chosen  to  achieve  the  equilibrium 
concentration  of  dimers.  Due  to  the  estimated  lifetime  of  the  dimer  a  quenching  procedure  had  to  be  used  at 
higher  temperatures.  From  the  results  it  was  possible  to  determine  the  binding  energy  of  the  dimer  to  be  about 
0.3  eV.  An  additional  support  for  the  assignement  of  the  bands  at  1012,  1060  and  1105  cm  to  the  oxygen  dimer 
was  found  from  the  correlation  between  the  strength  of  these  bands  and  the  interstitial  oxygen  concentration. 

[1]  L.I.  Murin  and  V.P.  Markewich,  Proceeding  from  the  NATO  Advanced  Research  Workshop  on  the  Early 
Stages  of  Oxygen  Precipitation  in  Silicon,  ed.  R.  Jones,  NATO  ASI  Series,  3.  High  Technology,  Vol.  1 7,  p. 

329. 
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Thermal  donors  (TD),  produced  by  annealing  of  Czochralski-grown  silicon  at  -450°C,  are  among  the  most 
studied  defect  centers.  In  spite  of  that  their  microscopic  structure  is  not  unambiguously  established. 

The  aggregation  process,  in  which  oxygen  atoms  are  involved,  generates  a  family  of  very  similar  but  distinctly 
different  defects.  Magnetic  resonance  investigations  of  thermal  donors  are  handicapped  by  this  multispecies 
character  because  individual  EPR  spectra  cannot  be  separated  in  the  traditional  experiment.  In  the  present  study 
we  have  applied  magnetic  resonance  spectroscopy  at  high  magnetic  fields, «  5T,  to  resolve  the  individual  species. 

The  measurements,  performed  at  140  GHz,  allow  for  the  first  time  the  EPR  identification  of  the  individual  TD 
species,  which  are  observed  in  their  singly  ionized  charge  state  TD  In  this  way  the  growth  kinetics  of  individual 
species  as  well  as  the  structural  changes  upon  the  development  of  thermal  donor  centers  could  be  followed.  The 
results  are  compared  with  those  obtained  from  the  high-resolution  field-swept  ENDOR  studies  [I],  the  magneto¬ 
absorption  experiments  in  high  fields  around  12.5  Tesla  [2],  and  the  TD  development  kinetics  as  revealed  by  the 
infrared  absorption  studies  [3].  Special  attention  is  paid  to  the  bistability  effect  as  reported  for  the  first  two  TD 
species. 

[1]  T.  Gregorkiewicz,  H.H.P.Th.  Bekman,  and  C.A.J.  Ammerlaan,  Phys.  Rev.  B  38,  3998  (1988), 

[2]  T.  Gregorkiewicz,  H.H.P.Th.  Bekman,  C.A.J.  Ammerlaan,  W.  Knap,  L.C.  Brunei,  and  G.  Martinez,  Phys.  Rev. 

B  45, 5873  (1992). 
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In  crystalline  silicon,  hydrogen  and  oxygen  are  important  impurities  and  they  have  therefore  been  studied 
intensively  over  the  years.  In  spite  of  this,  it  was  only  recently  found  that  the  presence  of  hydrogen  enhances  the 
migration  of  oxygen  in  silicon  at  moderate  temperatures  300-500  ^C.  This  suggests  that  hydrogen  and  oxygen 
impurities  form  a  weakly  bound  complex  since  a  strongly  bound  complex  would  retard  the  migration  and  the 
absence  of  bonding  would  imply  that  the  migration  was  largely  unaffected  by  hydrogen.  The  objective  of  this 
work  has  been  to  clarify  whether  such  weakly  bound  H-0  complexes  exist. 

Protons  or  deuterons  were  implanted  into  oxygen-rich  and  oxygen-poor  materials  at  temperatures  below  20  K. 
Implantations  at  several  energies  and  doses  were  performed  to  yield  a  uniform  distribution  of  hydrogen  or 
deuterium  with  a  local  concentration  of  3.3x  1 0  cm  .  After  the  implantation,  infrared  absorption  measurements 
were  carried  out  at  8  K  without  intervening  heating  of  the  sample.  In  the  as-implanted  sample  one  intense  line 
associated  with  a  Si-H  stretch  is  observed  at  1998  cm  with  the  same  intensity  in  oxygen-rich  and  oxygen-poor 
material.  The  1998-cm'^  line  disappears  after  annealing  at  about  180  K  and  a  series  of  new  lines  appear.  Of 
particular  interest  for  this  work  are  lines  at  1029  and  1830  cm  which  show  up  only  in  oxygen-rich  material.  In 
deuteron-implanted  silicon,  the  1830-cm"  line  shifts  down  in  frequency  to  1329  cm'  while  the  1029-cm  line 
shifts  up  by  3  cm' ^  only,  to  1032  cm'  .The  1830-cm'  line  is  assigned  to  a  Si-H  stretch  mode  whereas  the  1029- 
cm'*  line  is  ascribed  to  a  Si-0  stretch  mode.  The  two  modes  have  the  same  annealing  behaviour  and  they 
disappear  together  at  -220  K.  Moreover,  in  samples  coimplanted  with  overlapping  profiles  of  protons  and 
deuterons  no  additional  modes  are  observed.  On  this  basis,  we  conclude  that  the  1029-  and  1830-cm  modes 
originate  from  a  center  containing  oxygen  and  a  single  hydrogen  atom.  The  observed  frequencies  and  isotope 
shifts  are  discussed  in  connection  with  the  results  of  ab  initio  calculations  and  plausible  models  are  discussed. 
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Monovacancies  are  rapidly  diffusing  intrinsic  defects  in  silicon.  They  form  complexes  with  impurities  (donors, 
acceptors,  oxygen,  and  others)  as  well  as  with  other  vacancies.  Positron  annihilation  spectroscopy  data  imply 
that  a  wide  variety  of  vacancy  aggregates  exist.  However,  there  is  little  microscopic  information  on  their 
configurations,  stability,  or  electrical  and  optical  activity. 

We  have  calculated  the  lowest-energy  configurations,  stability,  and  electronic  structures  of  vacancy  aggregates 
containing  up  to  n=7  vacancies.  The  calculations  were  done  using  a  first-principles  tight-binding  molecular- 
dynamics  method  (based  on  density-functional  theory)  in  large  periodic  supercells  as  well  as  at  and  near  the  ab- 
initio  Hartree-Fock  level  in  molecular  clusters.  These  two  approaches  are  very  different  in  the  way  Schrodinger 
equation  is  solved  and  in  the  way  the  host  crystal  is  approximated.  However,  many  of  the  predicted  key  features 
of  the  defects  are  the  same.  Our  results  lead  to  the  following  conclusions. 

1 .  One  gains  energy  by  adding  one  vacancy  to  an  aggregate  of  {n — 1 }  vacancies. 

2.  Up  to  n  =  6,  the  lowest-energy  configuration  of  the  n-vacancy  cluster  (Vn)  occurs  when  Si  atoms  are 
successively  removed  from  a  hexagonal  ring. 

3.  The  binding  energy  of  Vn  strongly  varies  with  n.  The  most  stable  aggregate,  by  far,  is  the  ring- 
hexavacancy  (this  was  predicted  by  Chadi  and  Chang  in  1988  using  an  empirical  model). 

4.  The  lowest  dissociation  energy  corresponds  to  the  process  Vn— >  VnJ  -h  VI. 

5.  Up  to  n  =  7,  all  the  Vn’s  have  deep  levels  in  the  gap  except  the  ring-hexavacancy,  which  theory 
predicts  to  be  electrically  and  optically  inactive. 

The  ring-hexavacancy  cannot  form  at  temperatures  higher  than  those  at  which  the  divacancy  dissociates.  However, 
once  formed,  it  should  survive  high-temperature  anneals  and  grow  by  trapping  additional  vacancies.  The  ring- 
hexavacancy  is  trigonal,  planar,  and  remarkably  stable.  It  is  therefore  a  plausible  nucleus  for  extended  defects 
such  as  H-related  platelets  and  prismatic  dislocations.  Since  it  is  a  large  void  in  the  crystal,  it  also  likely  to  be  a 
gettering  center  for  a  range  of  impurities. 
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It  is  well  known  that  hydrogen  and  silicon  atoms  may  form  strong  covalent  bonds.  The  monovacancy  in  silicon 
possesses  dangling  bonds  and  is  thus  expected  to  form  the  rather  stable  complexes  VH,  VH2,  VH3,  and  VH4 
with  hydrogen.  Recently,  the  Si-H  stretch  modes  of  VH2,  VH3,  and  VH4  were  identified,  but  the  simplest 
structure  VH  has  not  been  observed.  Furthermore,  no  detailed  study  of  the  electronic  properties  of  vacancy- 
hydrogen  defects  has  been  reported.  In  this  work,  the  structure  of  VH  is  identified  by  Electron  Paramagnetic 
Resonance  (EPR). 

Float-zone  grown  silicon  crystals  were  implanted  with  protons  or  deuterons  at  about  100  K,  The  energies  and 
doses  were  chosen  so  that  the  distribution  of  hydrogen  or  deuterium  was  uniform  throughout  the  sample. 
Subsequently,  the  samples  were  annealed  at  room  temperature  to  form  vacancy-hydrogen  defects.  EPR  spectra 
were  recorded  in  the  temperature  range  from  35  to  225  K.  The  spectra  contain  a  family  of  signals  previously 
labelled  S 1.  In  addition,  a  strongly  temperature  dependent  signal,  which  displays  monoclinic-I  symmetry  below 
65  K  and  trigonal  symmetry  above  100  K  is  observed.  Comparison  of  the  spectra  recorded  in  proton-  and 
deuteron-implanted  samples  allows  identification  of  the  hyperfine  splitting  from  a  single  proton.  Weak  satellites 
arising  from  Si  hyperfine  interaction  show  that  most  of  the  electron  spin  density  is  associated  with  a  single 
silicon  atom.  On  this  basis,  we  conclude  that  the  temperature  dependent  signal  originates  from  VH  ,  the  neutral 
charge  state  of  a  vacancy  containing  a  single  hydrogen  atom.  The  transformation  from  monoclinic-I  to  trigonal 
symmetry  may  be  explained  as  the  result  of  thermally  activated  jumps  of  the  defect  among  its  three  equivalent 
configurations  that  leaves  the  hydrogen  atom  bound  to  the  same  silicon  atom.  Additional  support  for  the  assignment 
made  above  is  obtained  from  a  simple  analysis  of  the  dipolar  part  of  the  hydrogen  hyperfine  interaction.  This 
indicates  that  the  distance  from  the  hydrogen  to  the  silicon  atom  carrying  the  dangling  bond  is  ~2.7  A,  which  is 
consistent  with  the  structure  of  VH  as  expected  from  theory.  Apart  from  the  hydrogen  hyperfine  splitting,  the 
properties  of  the  temperature  dependent  signal,  including  the  spin  Hamiltonian  parameters,  are  very  similar  to 
those  of  the  E-center  (VP  ).  In  this  context,  the  Si-H  unit  can  thus  be  viewed  as  a  “pseudo-atom”,  acting  like  a 
group-V  impurity. 
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Vacancies  and  interstitial  atoms  are  produced  in  by  MeV  electron  irradiation  in  differently  doped  Si  wafers  and 
we  show  that  a  high  concentration  of  defects  (  >I0’9  cm-3  )  can  be  frozen  in  at  4K.  From  X  ray  diffraction 
experiments  we  deduce  that,  similar  to  the  observations  with  III-IV  compounds/1/,  a  large  fraction  of  the  defects 
is  stabilized  in  the  form  of  close  Frenkel  pairs.  The  structure  of  these  bound  pairs  is  characterized  by  the  nearly 
perfect  cancellation  of  the  long  range  displacement  fields  of  the  interstitial  atom  and  the  vacancy.  We  discuss  the 
absolute  size  of  these  displacements,  which  are  characterized  by  a  relaxation  volume  Of  +  0.5  atomic  volumes 
respectively,  as  well  as  the  introduction  rate  of  the  defects,  which  is  of  the  order  of =  Icm-- .  Additional  larger 
defect  agglomerates  are  observed  at  higher  irradiation  doses.  These  results  are  rather  independent  of  the  oxygen 
content  of  the  samples  and  of  the  position  of  the  Fermi  level:  i.e.  for  weakly  doped  Cz-Si  or  oxygen  free  FZ-Si 
and  for  highly  doped  degenerate  p-type  Si(B)  and  n-type  Si(As).  These  high  defect  introduction  rates  are  at 
variance  to  the  results  of  electrical  and  EPR  investigations/2/  and  indicate  that  these  methods  detect  only  a  few 
percent  of  the  total  defect  concentration  which  is  produced  and  frozen  in  at  4K.  The  consequences  for  the 
understanding  of  the  defect  production  in  Si  and  for  the  assumption  of  an  athermal  migration  of  interstitial 
atoms  are  discussed.  The  defect  patterns  observed  after  4K  irradiation  are  compared  to  those  of  room-temperature 
irradiations  where  thermally  activated  migration  is  expected.  In  addition  the  thermally  activated  defect  reactions 
observed  during  annealing  at  temperatures  up  to  1  OOOK  are  discussed  with  special  emphasis  to  the  trapping 
and  detrapping  reactions  of  the  defects.  The  observed  defect  reactions  are  discussed  and  compared  to  the 
observations  during  transient  diffusion  after  ion  implantation  and  to  the  results  of  high  temperature  diffusion 
experiments. 

11/  A.Pillukat,  K.Karsten,  P.Ehrhart,  Phys.Rev.  B53  (1996)  7823 

121  G.D. Watkins,  in:  Electronic  Structure  and  Properties  of  Semiconductors,  Vol.4  of  Materials  Science  and 
Technology  (W.Schroeter,  ed,  VCH,  Weinheim  1992)  p.l05 
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There  is  considerable  interest  in  the  role  of  point  defects  in  the  III-V  nitrides,  stimulated  by  their  successful 
application  in  blue  light  emitting  and  laser  devices.  We  here  describe  optical  detection  of  magnetic  resonance 
(ODMR)  studies  in  GaN  and  AIN,  before  and  after  2.5  MeV  electron  irradiation.  This  first  such  study  of  defects 
produced  by  electron  irradiation  in  these  materials  has  been  initial  ed  because  it  may  shed  light  on  the  properties 
of  their  intrinsic  defects  about  which  little  is  presently  known. 

In  the  case  of  epitaxial  wurtzite  layers  of  GaN  grown  on  sapphire,  ODMR  is  studied  via  photoluminescence 
(PL).  Before  electron  irradiation,  we  observe  the  two  ODMR  signals  previously  reported  by  many  workers  in 
the  luminescence  band  at  2.2  eV.  After  elect  ron  irradiaton,  two  new  bands  are  produced  at  ~0.85  eV  and  ~0.93 
eV,  from  which  four  previously  unreported  ODMR  signals  are  observed.  One  of  these  reveals  resolved  hyperfine 
interaction  with  a  single  Ga  nucleus,  indicating  a  displaced  Ga  atom  of  some  kind.  It  is  tentatively  identified  as 
a  complex  involving  interstitial  Gai 

In  the  case  of  AIN,  small  single  crystals  are  available  and  ODMR  could  be  performed  both  via  PL  and  magnetic 
circular  dichroism  (MCD)  in  absorption.  At  least  six  well-resolved  distinct  ODMR  signals  are  observed  before 
electron  irradiation  in  a  broad  lumin  escence  band  near  2  eV,  four  with  S=l,  two  with  S=l/2.  The  chemical 
identity  associated  with  these  signals  has  not  as  yet  been  established.  Studies  of  electron-irradiated  samples  are 
currently  in  progress  and  will  be  described. 

This  research  was  supported  jointly  by  the  U.S.  Navy  Office  of  Naval  Research  under  Grant  No.  N000014-94- 
1-0117  and  the  National  Science  Foundation  under  Grant  No.  DMR-92-041 14. 
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Radiation  damage  of  GaN  by  N-ion  implantation  can  result  in  an  enhancedn-type  carrier  concentration  and  in 
generation  of  deep  traps  D2  and  D3[l].  In  this  paper  we  study  samples  which  were  grown  by  metal-organic 
vapor  phase  epitaxy  (MOVPE),  implanted  with  various  ions  and  subsequently  treated  by  rapid  thermal  annealing 
to  investigate  electrical  properties  of  impurities  doped  by  implantation.  By  Hall  effect,  capacitance-voltage 
measurements,  deep  level  transient  spectroscopy  (DLTS),  and  by  photoluminescence  spectroscopy  we  study  the 
carrier  concentration,  defect  generation,  and  defect  annihilation. 

Implantation  of  GaN  with  Mg  and  followin^annealing  results  in  samples  which  are  significantly  different  if  Mg 
is  replaced  by  N  or  G|i.  For  ^oses  around  10  cm  the  sample  remains  clearly  n-type  with  a  carrier  concentration 
around  several  10^  cm  .  In  photoluminescence  spectroscopy  a  donor-acceptor  band  shows  up.  For  higher 
doses  of  1 0  cm  a  considerable  drop  in  the  n-type  carrier  concentration  is  found.  The  traps  found  in  DLTS  are 
those  known  from  radiation  damage. 

12  -2 

Implantation  of  K  ions  at  doses  of  10  cm  and  subsequent  annealing  reduces  the  carrier  concentration  by 
three  orders  and  produces  a  new  trap  0.49  eV  below  the  conduction  band.  This  level  is  energetically  close  to  a 
level  which  is  found  if  C  is  implanted  instead  of  K.  Implantation  of  K  and  C  seems  to  strengthen  the  level  D3 
against  annihilation.  After  implantation  the  3.365-eV-luminescence  line  shows  up,  which  recently  was  assigned 
to  an  exciton  strongly  bound  at  extended  defects  [2]. 

[1]  D.  Haase,  M.  Schmid,  W.  Kumer,  A.  Domen,  V.  Harle,  F.  Scholz,  M.  Burkard,  and  H.  Schweizer,  Appl.  Phys. 

Lett.  69,  2525  (1996). 

[2]  C.  Wetzel,  S.  Fischer,  J.  Kruger,  E.E.  Haller,  R.J.  Molnar,  T.D.  Moustakas,  E.N,  Mokhov,  and  P.G.  Baranov, 
APL68,  2556(1996). 
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The  possibility  of  p-type  doping  of  GaN  by  ion  implantation  has  been  studied  using  the  perturbed  ??  angular 
correlation  spectroscopy  (PAC)  [1  ].  To  determine  the  lattice  site  of  the  implanted  ions  and  to  discriminate  between 
defects  created  by  the  heavy  ion  implantation  and  their  interaction  with  implanted  Cd-acceptors,  both  the  group 
III  probe  atom  and  the  group  II  acceptor  have  been  implanted  (E  =  60  keV  -  350  keV,  doses 

5x10^  ^  cm’^  -  3x10^^  cm’^)  into  n-type  GaN  grown  on  sapphire  by  MOCVD.  The  annealing  of  the  implantation 
damage  has  been  studied  up  to  annealing  temperatures  of  1300  K  and  shows  that  up  to  80%  of  the  implanted 
ions  reside  on  substitutional  Ga  lattice  sites  without  defects  present  in  the  immediate  neighborhood 
after  annealing  at  1100  K. 

We  also  report  on  the  microscopic  observation  of  the  formation  of  Cd-H  pairs  in  GaN  using  the  radioactive 
acceptor  *  ^^"'Cd  as  probe  atom  which  has  been  implanted  at  60  keV  with  5x10^^  cm'^.  After  annealing  at  UOO 
K,  the  hydrogen  loading  has  been  performed  between  295  K  and  425  K  using  a  mass-separated  100  eV  H  ion 
beam  ( dose  \  x  lo‘^  cm‘^).  After  H-loading  at  temperatures  up  to  323  K,  the  formation  of  two  Cd-H  complexes 
involving  about  30%  of  the  Cd-acceptors  is  observed.  Both  complexes  show  axially  symmetric  electric  field 
gradients  (r)  =  0.0(1)).  The  less  stable  configuration  characterized  by  vq  =  572(2)  MHz  is  only  observed  at  H- 
loading  temperatures  at  or  below  323  K  and  its  symmetry  axis  is  oriented  along  directions  with  an  angle  of  about 
1 10(20)  degrees  with  respect  to  the  c-axis  of  the  hexagonal  wurtzite  structure.  The  dominant  Cd-H  configuration 
(VQ  =  362(2)  MHz)  is  symmetric  along  the  c-axis  and  stable  up  to  550  K  corresponding  to  a  dissociation  enthalpy 
of  1.8  eV.  The  observed  symmetry  and  stability  of  the  formed  Cd-H  pairs  will  be  discussed  in  the  framework  of 
theoretical  calculations  [2]. 

We  acknowledge  the  Hewlett-Packard  Optoelectronics  Division  for  supplying  the  GaN  samples.  This  work  has 
been  supported  by  the  Bundesminister  fur  Bildung,  Wissenschaft,  Forschung  und  Technologie  under  Grant  No. 
03-RE4KO1-5. 

[1]  M.  Deicher  and  W.  Pfeiffer,  in;  S.J.  Pearton  (ed.).  Hydrogen  in  Compound  Semiconductors,  (Materials  Science 
Forum  Vol.  148-149,  Trans  Tech  Publications,  Aedemiannsdorf,  1994),  p.  481 . 

[2]  J.  Neugebauer  and  C.G.  Van  de  Walle,  Phys.  Rev.  Lett.  75,  4452  (1995). 
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Electrically  detected  magnetic  resonance  (EDMR)  has  emerged  as  a  highly  sensitive  probe  of  defects  in 
semiconductor  device  structures.  In  this  work  we  combine  EDMR  with  electrically  excited,  optically  detected 
magnetic  resonance  (i.e.,  electroluminescence  detected  magnetic  resonance  -  ELDMR)  to  study  and  quantitatively 
compare  radiative  and  non-radiative  recombination  in  GaN-based  single  quantum  well  (SQW)  LEDs.  These 
bright  green  and  blue  LEDs  have  found  application  in  full  color  displays  and  have  many  of  the  same  elements  of 
nitride-based  laser  diodes.  The  electroluminescence  (EL),  due  to  bandedge  emission  from  a  SQW  of  undoped 
InGaN,  is  especially  impressive  given  the  high  densities  of  stacking  faults  and  other  defects  in  these  devices. 
Here  we  study  the  role  of  point  defects  in  these  diodes. 

The  dominant  magnetic  resonance  feature  detected  by  either  technique  in  both  the  green  and  blue  diodes  is  a 
broad  line  (DB-13  mT)  at  g-2.01  due  to  a  deep  defect.  Depending  on  bias,  this  defect  results  in  either  an  increase 
or  a  decrease  in  electroluminescence  at  resonance  and,  similarly,  we  observe  a  current  enhancing  or  current 
quenching  signal  at  resonance  depending  on  bias  and  temperature.  By  comparing  the  amplitudes  and  phases  of 
the  electrically  and  optically  detected  resonance  signals  we  are  able  to  conclude  that  the  resonance  signal  is  due 
to  nonradiative  recombination  channels  in  a  parallel  leakage  path  and  in  the  depletion  region  of  one  of  the 
contacts.  Furthermore,  we  have  been  able  to  determine  the  amplitudes  of  the  contributions  from  the  different 
regions  of  the  devices. 

A  second  resonance  with  g-1 .99  and  DB-7  mT  is  very  similar  to  the  deep  donor  trap,  previously  observed  in 
double  heterostructure  diodes  and,  by  optically  detected  magnetic  resonance,  in  GaN  thin  films.  This  defect 
produces  a  decrease  in  both  the  current  and  electroluminescence  at  resonance  in  both  SQW  diodes.  While  the 
bias  dependence  of  this  resonance  is  different  in  the  two  diodes,  the  lineshape  and  position  are  very  similar 
leading  us  to  suggest  that  this  defect  is  located  in  the  low  x  InxGai.yN  buffer  layer  between  the  n-AlGaN  layer 
and  the  quantum  well. 

We  have  also  used  these  spectroscopic  techniques  to  study  degradation  mechanisms  in  the  SQW  diodes  and 
found  the  amplitude  and  phase  of  the  signals  to  be  a  complex  function  of  current  stressing.  The  results  for 
unstressed  and  stressed  diodes  provide  important  insights  into  the  location  and  nature  of  the  defects  responsible 
for  the  magnetic  resonance  spectra  and  for  degradation  processes. 
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We  report  the  observation  of  several  new  photoluminescence  bands  in  the  near-bandgap  energy  range  of  GaN. 
The  6H  GaN  layers  were  grown  by  MBE  at  temperatures  around  650°C  on  sapphire  substrates  with  an  intermediate 
AlGaN  nucleation  layer. 

In  addition  to  the  well-known  donor-bound  exciton  line  at  3.475  eV  and  the  oxygen-related  3.418  eV  line  (at  4 
K),  we  find  weaker  defect-related  lines  in  the  energy  range  extending  to  400  meV  below  the  bandgap,  but  no 
‘yellow  band’.  Variation  of  the  sample  temperature  between  4  K  and  room  temperature  and  variation  of  the 
excitation  power  allows  us  to  identify  two  lines  at  3.345  eV  and  3.285  eV  as  donor- acceptor  pair  transitions.  The 
estimated  binding  energy  of  the  acceptors  involved  is  no  more  than  130  meV  and  190  meV,  respectively. 

Further  lines  at  3.365  eV  and  3,21  eV  are  studied  as  well,  but  not  finally  assigned. 
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The  plane-wave  pseudopotential  method  is  applied  to  study  point-defects  and  their  complexes  in  GaN  and  AIN. 
The  calculations  predict  a  qualitative  difference  in  the  donor  behaviour  between  the  two  materials:  the  dominant 
impurity-related  donors  are  shallow  in  GaN  while  in  AIN  they  have  a  deep  character,  in  good  agreement  with  the 
experimentally  measured  electrical  conductivity.  Oxygen  in  found  to  act  as  a  self-conpensating  DX-like  center 
in  AIxGai.xNalloys  with  sufficient  A1  concentration.  Effective  compensation  through  metal  vacancies  (Voa, 
V^i)  and  related  complexes  is  shown  to  occur  in  both  materials.  The  induced  electronic  levels  in  the  bandgap  are 
found  to  closely  correlate  with  the  commonly  detected  broad-band  luminescence  (yellow  in  GaN  and  violet  in 
AIN). 
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Homoepitaxial  MOCVD-grown  gallium  nitride  (GaN)  layers  have  been  studied  by  photoluminescence  (PL) 
measurements,  picosecond  (ps)  time-resolved  luminescence  spectroscopy  (TRL)  and  by  photoluminescence 
excitation  spectroscopy  (PLE),  The  investigated  nominally  undoped  homoepitaxial  layers  have  the  emission 
spectrum  dominated  by  the  donor  bound  exciton  (DBE)  recombination.  The  obtained  PL  decay  times  x  for  the  A 
free  excitons  (FE)  and  the  DBE  at  2  K  were  equal  to  120  ps  and  260  ps,  respectively.  These  decay  times  of  the 
excitons  are  nearly  as  long  as  the  radiative  ones,  which  have  been  observed  in  bulk  GaN  grown  by  hydride  vapor 
phase  epitaxy  [1].  The  measured  PL  decay  times  x  are  correlated  with  the  nonradiative  defects  present  in  the 
material,  and  are  dependent  on  the  excitation  intensity.  The  corresponding  delay  times  (measured  as  a  difference 
between  the  laser  pulse  and  emission  maximum)  were  xj  =  30  ps  and  110  ps  for  FE  and  DBE  emissions, 
respectively.  These  delay  times  relate  to  the  capture  processes  for  the  excitons  down  to  the  A  ground  state  and 
the  DBE  state,  respectively. 

The  investigation  of  the  spectral  region  just  below  the  DBE  emission  revealed  presence  of  at  least  two  processes. 
The  first  relatively  weak  emission  line,  connected  with  acceptor  bound  excitons  at  3.466  eV  (and  the  phonon 
wing  connected  with  this  line)  has  the  delay  time  x^  equal  to  1 30  ps.  The  second  process  gives  a  weak  but  clearly 
visible  emission  peak  at  the  energy  3.450  eV.  It  has  been  found  that  the  shorter  delay  time  xj  equal  to  1 10  ps  is 
connected  with  this  emission.  This  value  exactly  corresponds  to  the  delay  which  is  characteristic  for  the  DBE 
(Xd  =  110  ps).  We  suggest  that  the  3.450  eV  emission  peak  corresponds  to  the  so  called  two  electron  transition 
connected  with  the  DBE.  Recombination  of  the  DBE  in  this  process  leaves  the  neutral  donor  in  the  excited  state. 
It  gives  the  transition  energy  between  donor  1  s-2s  states  equal  to  22  meV,  which  corresponds  to  the  ionization 
energy  of  the  residual  shallow  donor  of  about  29  meV. 

[1]  J  P  Bergman,  B  Monemar,  H  Amano,  1  Akasaki,  T  Detchprohm,  K  Hiramatsu  and  N  Sawaki:  Proc 
ICSCRM’95,  Kyoto  Sept  17-21  1995,  lOP  Conference  Procedings  142,  931  (1996). 
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The  role  of  various  defects  in  the  properties  of  GaN  still  awaits  a  detailed  description.  For  example,  the  parasitic 
optical  transition  leading  to  the  yellow  luminescence  band  at  about  2.2  -  2.3  eV  is  observed  both  in  GaN  bulk 
crystals  and  layers,  but  the  nature  of  the  electronic  levels  participating  this  optical  process  are  under  discussion. 
There  is  an  increasing  amount  of  evidence  that  this  transition  takes  place  between  a  shallow  donor  and  a  deep 
acceptor.  The  Ga  vacancy  has  been  suggested  as  the  defect  responsible  for  the  acceptor  level. 

In  this  work  we  use  positron  annihilation  spectroscopy  to  obtain  structural  information  on  native  point  defects  in 
GaN  materials.  Bulk  crystals  grown  under  1.5  GPa  nitrogen  pressure  at  1500  °C  were  studied  by  positron 
lifetime  and  Doppler  broadening  techniques.  Epitaxial  layers  grown  by  MOCVD  on  sapphire  substrates  were 
characterized  by  a  low-energy  positron  beam. 

17  18  -3 

The  results  show  that  negative  vacancies  are  present  at  concentrations  10  -  10  cm  in  both  GaN  bulk 

crystals  and  layers.  The  vacancies  are  in  the  Ga  sublattice  and  their  concentration  correlates  with  the  intensity  of 
the  yellow  luminescence.  We  conclude  that  the  Ga  vacancies  contribute  to  the  electrical  compensation  of  n-type 
GaN  and  their  acceptor  levels  are  involved  in  the  yellow  luminescence  transition. 
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Silicon  carbide  of  the  6H  polytype  shows  three  luminescence  lines  I|  (9587  cm  ^),  I2  (95 16  cm  \  and  I3  (9321 
cm  ’^)  which  were  previously  reported  by  Gorban  and  Slobodyanyuk  [1].  We  find  these  lines  as  the  dominant 
luminescence  transitions  in  chromium-doped  material.  The  Zeeman  splittings  of  the  lines  are  studied. 

Each  line  splits  into  a  triplet  with  a  g  factor  around  2.0  and  which  is  almost  isotropic  within  the  resolution  of 
optical  Zeeman  spectroscopy.  Only  line  I2  shows  a  small  zero-field  splitting  with  IDI  =  0.2  cm  ,  Additionally, 
each  Zeeman  triplet-line  of  and  I3  undergoes  a  doublet  splitting  which  is  strongly  anisotropic.  The  doublet 
splitting  vanishes  for  the  field  aligned  parallel  the  c-axis.  If  the  field  is  aligned  along  the  c-axis,  the  splitting 
corresponds  to  an  effective  g  factor  of  aS  =  1/2  system  with  g|l  =  0.65, 0,  and  0.25  for  Ij  ,l2,  and  I3,  respectively. 

2+  4 

Electron-paramagnetic  resonance  studies  performed  at  the  identical  sample  show  the  presence  of  Cr^^  (3d  ) 
and  Cr  ^''’(3d  in  absence  of  illumination.  The  Zeeman  spectra  clearly  rule  out,  participation  of  j^he  Cr  a^  Cr 
in  the  luminescence  transitions.  Instead,  we  assign  the  lines  to  transitions  between  the  state '  A2  of  Cr  (3d 
^),  not  observed  in  EPR,  and  two  further  doublet  states.  We  discuss  the  luminescence  spectm^on  the  background 
of  charge-transfer  transitions  in  which  an  electron  or  hole  radiatively  recombines  with  Cr  . 

[1]  I.  S.  Gorban  and  A.  V.  Slobodyanyuk,  Fiz.  Tverd.  Tela  (Leningrad)  16,  263  (1974),  —  [Sov.  Phys.  Solid  State 
16,173(1974)]. 
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The  primary  defects,  such  as  the  vacancies  in  SiC,  are  of  great  scientific  and  technological  interest  since  they  are 
thermally  stable  at  room  temperature.  Among  the  various  polytypes,  4H  SiC  seems  to  be  the  most  promising 
material  for  high  temperature  and  power  device  applications,  because  of  its  relatively  large  band-gap  and  high 
nearly  isotropic  electron  mobility.  In  this  work  we  have  studied  a  new  deep  photoluminescence  (PL)  band  in  4H 
SiC,  which  we  by  optically  detected  magnetic  resonance  (ODMR)  can  show  is  related  to  the  silicon  vacancy. 
The  PL  band  is  irradiation  induced  and  gains  in  strength  with  the  dose.  It  has,  as  expected  for  the  4H  polytype 
with  its  two  inequivalent  defect  sites,  two  sharp  no-phonon  lines  at  1354  meV  and  1440  meV. 

Optically  detected  magnetic  resonance  (ODMR)  on  this  PL  band  with  above  band-gap  excitation,  reveals  several 
signals  corresponding  to  spin-triplet  states  (S=l).  The  signals  all  have  axial  symmetry  along  the  c-axis  and  a 
relatively  small  zero-field  splitting  of  the  magnetic  sub-levels  (D-value).  The  true  correspondence  between  PL 
lines  and  triplet- states  is  revealed  when  selective  excitation  with  no-phonon  energies  of  the  two  PL  lines  is  used. 
Only  then  can  the  two  triplet-states  that  directly  corresponds  to  the  two  PL  lines  be  detected  separately  and  only 
then  is  the  well  documented  and  characteristic  hyperfme  interaction  of  the  silicon  vacancy  in  SiC  resolvable. 

Because  of  the  correlation  between  the  irradiation  dose  and  the  signal  strength  and  the  characteristic  hyperfine 
pattern,  we  suggest  that  this  PL  band  is  related  to  the  isolated  silicon  vacancy  in  4H  SiC.  The  well  known 
electron  spin  resonance  signal  from  negative  charge  state  of  the  silicon  vacancy  4H  SiC  has  an  effective  spin  of 
1/2.  An  integer  spin  like  S=1  can  then  not  be  formed  by  this  charge  state  and  it  is  reasonable  to  assume  that  the 
signal  that  we  detect  originates  from  either  the  neutral  or  the  doubly  negative  charge  state  of  the  vacancy. 

Interesting  comparisons  with  the  analogue  defect  system  in  6H  SiC  will  also  be  made. 


Programme  and  abstracts  book  •  89  • 


SiC  1  -  Chair:  B.  Monemar 


VACANCY-TYPE  DEFECTS  IN  PROTON-IRRADIATED  SIC 


W>  Puff  *,  R  Mascher  A.G.  Balogh  ***,  and  H.  Baumann  **** 

*  Institut  fur  Technische  Physik,  Technische  Universitat  Graz,  Petersgasse  16,  8010  Graz, 

Austria 

**  Department  of  Engineering  Physics,  McMaster  University,  Hamilton,  Canada 
***  Department  of  Material  Science,  Technical  University  Darmstadt,  Darmstadt,  Germany 
****  Institut  fur  Kemphysik,  J.W.Goethe  Universitat  Frankfurt,  Frankfurt/Main,  Germany 


Key  Words:  SiC,  point  defects,  proton  irradiation,  positron  annihilation 

In  this  contribution  we  report  results  of  an  investigation  of  proton-irradiation  induced  defects  in  6H-SiC  using 
positron  lifetime  and  Doppler-broadening  spectroscopies.  The  experiments  were  pe^rmed  on  N-doped  (n- 
type)  and  Al-doped  (p-type)  crystals  with  carrier  concentrations,  ND  -  NA  =  1.7x10  cm’  and  NA  -  ND  = 
6.2.x  10°  cm^,  respectively.  The  samples  were  irradiated  with  5  MeV  protons  at  a  sample  temperature  of  220  K. 

In  an  earlier  paper ,  we  showed  that  SiC  wafers  of  both  6H  and  4H  poly  types  contain  only  small  amounts  of 
vacancy  type  defects  in  the  as-grown  state.  These  defects  exhibit  a  positron  lifej^e  of  about  300  ps,  which 
suggests  complexes  with  divacancy  character.  Upon  irradiation  to  a  dose  of  1x10  cm’  ,  the  positron  lifetime 
spectra  showed  two  new  distinct,  defect  related  lifetimes,  with  values  of  about  160  and  260  ps.  Dannefaer  et  al.2 
obtained  very  similar  results  for  2.2  MeV  electron  irradiation  and  assigned  the  lifetimes  to  carbon  and  silicon 
vacancies.  In  their  case  however,  the  required  dose  was  about  a  factor  of  20  higher  and  the  relative  intensities  of 
the  two  components,  related  to  the  respective  defect  concentrations,  were  significantly  different,  indicating 
markedly  different  defect  introduction  rates.  The  stability  of  the  observed  defects  is  investigated  by  annealing 
studies.  The  effect  of  proton  irradiation  on  p-Type  SiC,  where  electron  irradiation  djd  not  produce  positron 
traps  ,  but  lead  to  an  EPR  signal  associated  with  (positively  charged)  carbon  vacancies  ,  will  also  be  discussed. 

[1]  W.  Puff  et.  al.,  Appl.  Phys.  A  61  (1995)  55 

[2]  S.Dannefaeretal.,Phys.Rev.B51(1995)  1928 

[3]  H.  Itoh  et  al.,  J.  Electron.  Mater.  21(1992)  707 
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We  present  ab-initio  total  energy  calculations  for  the  electronic  structure  of  3d  transition  metal  (TM)  defects  in 
3C  SiC.  We  employ  the  standard  local  spin-density  approximation  of  the  density  functional  theory.  The  electronic 
structure  of  the  point  defects  is  calculated  using  a  Green’s  function  approach  based  on  the  linear  Muffin-tin 
orbitals  Method  in  the  atomic-spheres  approximation.  This  method  allows  to  accurately  calculate  the  h^j^erfine 
interactions  of  the  paramagnetic  3d  TM  states  with  the  paramagnetic  nuclei  of  the  TM  and  also  with  the  C  and 
"^^Si  ligand  nuclei.  It  further  allows  to  include  all  charge  states  and  possible  spin  state  configurations  without 
any  additional  approximation.  Unfortunately  the  method  does  not  allow  to  include  lattice  relaxations. 

3dTM  are  ubiquitous  contaminants  in  most  semiconductors  including  SiC  and  the  identification  of  these  defects 
is  often  quite  cumbersome.  In  this  situation  a  theoretical  survey  of  the  defect’s  electronic  structure  can  be  quite 
helpful,  in  particular  if  the  hyperfine  interactions  are  determined  which  in  most  defect  itentifications  play  a 
dominant  role. 

Although  both  constituents  of  the  lattice  are  group  IV  atoms,  the  SiC  lattice  is  very  ionic.  Consequently,  the 
electronic  states  of  the  3d  TM  ions  located  on  one  of  the  two  different  substitutional  positions  in  3C  SiC  turn  out 
to  be  quite  site-dependent.  We  explain  the  differences  for  the  3d  TMs  on  the  two  substitutional  sites  within  the 
vacancy  model:  the  difference  of  the  electronic  structure  between  the  carbon  vacancy  Nq  and  the  silicon  vacancy 
Vsi  is  responsible  for  the  differences  of  the  3d  TMs.  In  all  charge  states  of  the  defects  the  ground  states  are  found 
to  be  low-spin  states  and  only  in  a  few  exceptional  cases  there  is  the  possibility  for  excited  high-spin  states. 

The  electronic  properties  of  3d  TMs  on  the  two  tetrahedral  interstitial  sites  differ  even  more:  the  TMs  surrounded 
tetrahedrally  by  four  silicon  atoms  experience  an  exceptionally  large  crystal  field  which  prohibits  the  formation 
of  high-spin  states  even  as  excited  states.  In  contrast,  the  crystal  field  splitting  for  3d  TMs  tetrahedrally  surrounded 
by  four  carbon  atoms  experience  virtually  no  ciystal  field  at  all.  It  is  only  in  this  case  that  high-spin  ground  state 
configurations  are  predicted.  The  resulting  hyperfine  interactions  and  ligand  hyperfine  interactions  are  compared 
with  the  experimental  data.  We  show  that  in  almost  all  cases  a  satisfactory  agreement  is  found  with  experimental 
data  whenever  available. 
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Electron  spin  resonance  (ESR)  studies  show  that  boron  substitutes  for  silicon  in  the  SiC  lattice.  In  6H  SiC  it 
occupies  three  in-equivalent  sites  (h,  k”  and  k2)  and  is  expected  to  display  three  separate  energy  levels  in  the 
band  gap.  Reports  for  the  activation  energy  of  Bgi  as  measured  by  Hall  effect  and  admittance  spectroscopy 
range  from  Ev  +  0.30  to  Ev  +  0.39  but  only  as  a  single  level. 

We  have  used  both  high  temperature  Hall  effect  and  thermal  admittance  spectroscopy  (TAS)  measurements  to 
study  the  boron  levels  in  bulk  6H-SiC.  The  samples  used  were  all  grown  by  physical  vapor  transport  (PVT). 
With  TAS  we  were  able  to  identify,  for  the  first  time,  three  separate  energy  levels  and  have  assigned  them  to  the 
h,  kal  and  k2  sites  of  Bsj.  The  energies  are:  Eh  =  Ev  +  0.27  eV,  Ekl  =  Ev  +  0.3 1  eV  and  Ek2  =  Ev  +  0.38  eV.  To 
the  best  of  our  knowledge,  this  is  the  first  report  for  the  activation  energies  due  to  the  in-equivalent  sites  of  an 
acceptor  in  SiC.  We  note  that  these  levels  are  not  related  to  the  deeper  D-center,  which  is  also  associated  with 
boron  in  SiC  but  is  a  different  defect.  Initial  results  on  the  shallow  levels  reported  here  indicate  that  the  degree 
of  compensation  determines  which  of  these  levels  is  observed  by  less  highly  resolved  techniques  such  as 
temperature  dependent  Hall  effect.  This  accounts  for  the  scatter  in  the  activation  energies  reported  in  the  literature. 
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Boron  is  a  common  contaminant  in  SiC  and  also  next  to  aluminium  the  most  important  acceptor.  In  its  paramagnetic 
charge  state,  it  has  been  intensely  investigated  with  electron  paramagnetic  resonance  (EPR)  [e.g.  1-3].  In  a  6H- 
SiC  sample  enriched  with  [3]  it  could  be  shown  that  the  largest  hyperfine  (hO  interaction  was  not  measured 
with  the  two  magnetic  isotopes  and  ^  ^  B,  but  with  one  neighbouring  C  nucleus.  It  was  argued  [3]  that 
about  half  of  the  unpaired  hole  resides  on  a  nearest  C  atom  and  that  only  very  little  is  found  at  the  B  nucleus. 
Recently,  with  electron  nuclear  double  resonance  (ENDOR),  the  ’  B  hf  and  quadrupole  interactions  of  B  in 
6H-SiC  were  measured  with  high  precision  and  it  was  confirmed  that  B  carries  almost  no  spin  density [4,5,6]. 
Muller  et  al  [4]  concluded  that  the  hole  was  oriented  in  a  C-Si  bond  almost  perpendicular  to  the  Bgj  -C  bond.  A 
re-examination  of  the  ENDOR  measurements  as  well  as  pulsed  ENDOR  measurements  [5]  yield  that  the  relative 
signs  of  the  anisotropic  B  hf  interaction  constant  and  the  quadrupole  interaction  constant  are  the  same  instead  of 
having  opposite  signs  [4].  From  the  interpretation  of  the  ENDOR  data,  the  following  model  for  the  B  acceptor  is 
proposed:  B  occupies  an  Si  site,  the  C-2p  hole  is  oriented  within  the  Bgi-C  connection  line  as  was  originally 
postulated  by  Zubatov  et  al  [3].  At  low  temperature,  the  symmetry  of  the  B  acceptor  on  the  two  quasi-cubic  sites 
is  monoclinic,  while  it  is  C3V  on  the  hexagonal  site.  At  higher  temperatures  (-  50  K)  the  hole  at  the  C  of  the  two 
quasi-cubic  site  acceptors  becomes  thermally  activated  with  the  result  that  the  acceptors  display  a  C3V  sym¬ 
metry  in  their  EPR  spectra.  It  was  proposed  that  the  acceptor  property  is  transferred  to  the  nearest  C,  and  Bgi  is 
only  a  ligand  to  the  hole-carrying  C.  The  shallow  B-acceptor  was  denoted  as  ‘boron-induced  carbon  acceptor’ 
[4].  We  report  also  on  similar  investigations  of  B  acceptors  in  4H-  and  3C-SiC,  which  were  undertaken  to  see 
whether  this  unexpected  behaviour  of  B  acceptors  also  applies  to  other  polytypes  of  SiC. 

Measurements  with  photoluminescence-detected  EPR,  in  which  the  B^  EPR  spectrum  in  6H-SiC  is  measured  as 
a  microwave-induced  change  of  the  N-donor-B  -acceptor  pair  recombination  luminescence,  confirmed  the 
level  of  the  B  acceptor  to  be  at  Ey  -i-300  meV.  But  these  experiments  also  revealed  that  the  B  acceptor  has  a 
different  microscopic  structure  if  the  hole  is  captured  at  very  low  temperature,  e.g.  1 .5  K,  The  symmetry  of  the 
defect  is  now  C3V  and  the  hf  interaction  is  reduced  to  half  of  the  value  measured  when  capturing  the  hole  at 
higher  temperature.  Apparently,  the  hole  carrying  carbon  has  a  thermal  barrier  against  the  relaxation  towards 
Bsi'm. 
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Boron  is  known  to  produce  shallow  and  deep  acceptors  in  SiC.  The  shallow  boron  acceptor  (ionisation  energy 
350  meV)  has  been  studied  extensively  in  the  last  30  years  and  the  theoretical  model  for  its  geometric  and 
electronic  structure  has  been  reinterpreted  several  times.  EPR  experiments  on  a  C-enriched  6H-SiC  crystal 
established  that  B  replaces  Si  and  that  it  occupies  3  sites  with  equal  probability:  two  quasi  cubic  (kl  and  k2)  and 
one  hexagonal  (hex)  [1].  In  the  model  proposed  by  Zubatov  et  al.  [1]  the  main  spin  density  was  located  in  the 
dangling  bond  of  a  C  atom  along  the  B-C  connection  line.  In  more  recent  publications  [2-4]  a  new  description 
was  given  on  the  basis  of  ENDOR  and  ODMR  investigations.  In  this  model  the  valence  electron  is  donated  to  B 
by  a  neighbouring  C  atom  thus  forming  a  B"si-C  bond.  The  unpaired  electron  of  C  is  uniformly  distributed 
among  the  three  back  bonds.  The  authors  call  this  model  the  boron-induced  carbon  acceptor. 

13 

EPR  and  ENDOR  spectroscopy  at  95  GHz  on  the  shallow  B  acceptor  in  a  '  C-enriched  6H-SiC  crystal  has 
allowed  us  to  measure  accurately  the  g-tensors  of  the  13(!)  magnetically  inequivalent  B  sites.  Moreover  we  have 
measured  the  hyperfine  tensors  of  the  “B,  and  ‘3C  nuclear  spin  of  the  neighbouring  C  atom.  From  the  results  we 
conclude  that  the  main  density  of  the  unpaired  electron  is  located  on  the  B-C  bond  as  originally  suggested  by 
Zubatov  et  al.  [1].  From  a  and  *^C  ENDOR  study  it  is  further  concluded  that  60-70%  of  the  spin  density  is 
distributed  in  the  crystal  with  a  Bohr  radius  of  2.2  A,  a  value  in  reasonable  agreement  with  effective-mass 
theory. 

The  deep  B  acceptor  (ionization  energy  -  600  meV)  in  6H-SiC  has  also  been  studied  by  EPR  and  ENDOR 
spectroscopy  at  96  GHz.  In  particular  the  ENDOR  results  on  “B  support  the  model  proposed  by  Baranov  et  al. 
[5-7]  in  which  the  deep  B-acceptor  consists  of  a  B-vacancy  pair.  This  model  explains  in  a  consistent  way  all  EPR 
and  ENDOR  data. 

[1]  A.G.  Zubatov,  I.M.  Zaritskii,  S.N.  Lukin,  E.N,  Mokhov  and  V.G.  Stepanov,  Sov.  Phys.  Solid.  State  27  (1985) 
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We  review  our  recent  results  from  a  new  approach  for  n-type  modulation  doping  in  InP-based  heterostructures, 
where  grown-in  intrinsic  defects  are  utilized  to  provide  charge  carriers  without  requiring  an  external  shallow 
impurity  doping  source.  Such  an  intrinsic  doping  concept  stems  from  our  experimental  observation  that  intrinsic 
Pin  antisites  can  be  preferably  introduced  during  off-stoichiometric  growth  of  InP  at  low  temperatures  (LT) 
260  -  350  °C)  by  gas  source  molecular  beam  epitaxy  (GS-MBE).  LT-InP  grown  as  such  is  highly  n-type  conducting, 
and  is  shown  to  be  due  to  the  auto-ionization  of  the  Pin  antisites  via  the  (0/+)  level  resonant  with  the  conduction 
band  at  ~Ec  +  0.12  eV.  The  doping  level  can  be  conveniently  controlled  by  varying  the  growth  temperature. 
When  such  intrinsically  doped  LT-InP  epilayers  are  used  as  doped  regions  in  InP-based  heterostructures, 
modulation  doping  can  readily  be  achieved  without  invoking  an  external  doping  source.  The  success  of  such  an 
intrinsic  modulation  doping  concept  is  clearly  demonstrated  by  the  example  cases  of  InGaAs/InP  heterostructures 
[1],  designed  to  resemble  high  electron  mobility  transistor  (HEMT)  structures  or  modulation-doped  quantum 
wells.  All  the  layers  were  intentionally  undoped  and  were  grown  at  a  normal  growth  temperature  480  °C  except 
for  the  top  InP  layer  which  was  grown  at  265  ®C,  by  GS-MBE.  Though  the  entire  structures  are  intentionally 
undoped,  n-type  modulation  doping  in  the  LT-InP  barrier  is  readily  realized.  Unambiguous  experimental  evidence 
on  the  formation  of  a  dense  two-dimensional  electron  gas  (>  1710^^  cm"^)  in  the  InGaAs  active  layer  near  the 
InGaAs/InP  heterointerface,  as  a  direct  consequence  of  electron  transfer  from  the  intrinsically  doped  LT-InP 
barrier,  is  provided  from  magneto-transport  and  magneto-optical  studies.  Experimental  results  from  other  types 
of  device  structures  and  from  undoped  and  extrinsically  doped  reference  samples  with  identical  structures  will 
be  presented  for  comparison. 

Important  issues  such  as  doping  efficiency,  electron  mobility,  thermal  stability,  etc.,  will  be  addressed.  Advantages 
and  disadvantages  of  the  intrinsic  modulation  doping  approach  will  be  discussed  as  compared  to  the  extrinsically 
doping  method  by  shallow  dopants.  Interesting  physical  properties  connected  to  the  intrinsic  doping  in  InP- 
based  heterostructures  and  their  potential  in  device  applications  will  also  be  discussed. 

Though  it  has  only  been  demonstrated  for  InGaAs/InP  heterostructures,  the  principle  of  the  intrinsic  doping 
concept  is  in  fact  rather  general  and  can  be  extended  to  applications  in  other  electronic  material  systems. 

[1]  W.M.  Chen  et  al,  Phys.  Rev.  Lett.  77,  2734  (1996). 
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We  have  studied  effects  of  hydrostatic  pressure  on  the  transport  characteristics  of  a  2-D  electron  gas  in  defect 
doped  InGaAs/InP  heterostructures.  In  these  structures  the  electrons  originate  from  resonant  donor-like  native 
defects  formed  in  a  low  temperature  grown  InP  layer  rather  than  from  intentionally  introduced  shallow  donors 
[1].  Since  the  resonant  donors  are  highly  localized  and  have  a  pressure  derivative  different  from  that  of  the 
InGaAs  conduction  band,  an  external  hydrostatic  pressure  offers  a  unique  method  for  changing  the  energy  of  the 
donor  levels  relative  to  the  conduction  band  of  InGaAs,  affecting  the  charge  transfer  from  the  barrier  to  the  well. 
External  pressure  can  thus  be  used  to  control  the  2-D  gas  density  and  study  the  effect  of  changing  of  the  occupation 
of  the  2-D  subbands  on  the  electron  mobility. 

Lattice-matched  InGaAs/InP  heterostructures  were  grown  by  gas-source  MBE  on  semi-insulating  InP  substrates. 
The  donor  defects  were  located  in  an  InP  layer  grown  at  low  temperature  (265  jC)  and  separated  from  InGaAs 
by  a  variable  thickness  spacer  of  InP  grown  at  normal  temperature  (480  jC).  The  2-D  electron  density  increases 
from  2.7x  1 0 1 2  cm-2  to  4.8x  1 0 1 2  cm-2  as  the  spacer  width  decreases  from  1 0  to  5  nm.  Calculations  of  the  charge 
transfer  indicate  that  more  than  one  subband  is  occupied  at  these  high  densities.  Application  of  hydrostatic 
pressure  leads  to  a  significant  reduction  of  the  electron  density  and  an  increase  of  the  electron  mobility.  The 
pressure  induced  reduction  of  electron  density  can  be  explained  by  a  large  negative  pressure  derivative  of  the 
donor  level  relative  to  conduction  band  edge  of  InGaAs.  We  find  that  the  electron  mobility  in  InP/InGaAs 
decreases  with  increasing  electron  density,  indicating  that  it  is  limited  by  scattering  from  remote  Coulombic 
defects.  In  addition,  it  clearly  shows  a  change  of  slope  at  the  onset  of  the  occupation  of  higher  electric  subbands. 
Our  theoretical  calculations  show  that  this  type  of  dependence  is  expected  in  InGaAs/InP  structures  where  alloy 
disorder  scattering  becomes  a  dominant  mechanism  limiting  electron  mobility  at  high  electron  densities. 

This  work  was  supported  by  US  DOE  under  contract  DE-AC03-76SF00098  and  by  an  AASERT  grant  from  the 
U.  S.  Air  Force  Office  of  Scientific  Research  (AFOSR,  F49620-93-1-0367TU). 

[1]  W.  M.  Chen  et.  al.  Phys.  Rev.  Lett.  77,  2734,  (1996) 
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Since  the  pioneering  work  of  Car  and  Parrinello  about  10  years  ago,  the  use  of  MD  simulations  to  study  defects 
in  crystalline  Si  and  other  materials  has  greatly  increased.  First-principle,  tight-binding,  and  now  linear-scaling 
techniques  allow  the  study  of  an  ever  wider  range  of  defect  problems.  Simulated  anneals  quickly  provide  local 
and  global  minima  of  complicated  potential  surfaces,  while  constant-temperature  simulations  provide  vibrational 
frequencies,  diffusivities,  and  the  observation  of  defect  interactions.  A  number  of  tricks  can  be  used  to  speed  up 
slow  reactions  and  observe  in  real  time  processes  that  are  too  slow  to  be  calculated. 

In  this  talk,  I  will  discuss  the  key  ingredients  and  implementations  of  MD  simulations  as  well  as  the  limitations 
of  these  techniques.  Then,  I  will  review  some  of  the  recent  work  done  in  the  area  of  fundamental  defects  in 
crystalline  silicon.  This  includes  the  vacancy  and  vacancy  aggregates,  the  self- interstitial,  some  impurities  (in 
particular  hydrogen),  impurity-impurity  and  impurity-defect  interactions. 
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The  development  of  a  method  to  accurately  determine  the  compensation  ratio  (K)  in  a  given  semiconductor 
has  become  important  especially  for  the  recent  studies  on  defects  that  hinder  heavy  doping  in  compound 
semiconductors.  It  has  been  proposed  that  a  quantitative  understanding  of  the  carrier  scattering  by  ionized 
dopants  and  defects  could  be  used  to  determine  the  compensation  ratios  (K)  based  solely  from  Hall  mobility 
measurements.  [2]  This  ionized  impurity  scattering  is  routinely  calculated  using  Brooks-Herring  (BH)  theory. 
[3]  The  theory  has  been  originally  developed  for  lightly  compensated  semiconductors  and  its  applicability  has 
never  been  tested  in  heavily  compensated  materials. 

In  this  work  we  demonstrate  much  improved  understanding  of  the  carrier  scattering  by  ionized  impurities  leading 
to  accurate  determination  of  K  up  to  0.6.  This  is  the  consequence  of  our  transport  studies  using  isotopically 
engineered  Ge  with  precisely  controlled  majority  and  minority  impurity  concentration^,  i.  e.,  compensation. 
Neutron  transmutation  doping  (NTD)  of  high  purity  Ge  single  crystals  with  controlled  Ge  and  ^  ue  isotopic 
compositions  led  to  eight  p-type  Ge:Ga,As  samples  of  0.082<K<0.93.  The  Hall  mobility  measurements  were 
performed  for  all  samples  in  the  temperature  range  T=1 0-300K.  An  parameter-free  calculation  of  the  Hall  mobility 
as  a  function  of  temperature  was  performed  for  each  sample  in  the  relaxation  time  approximation  using  three 
different  ionized  impurity  scattering  models;  (i)  BH  theory,  (ii)  Falicov-Cuevas  (FC)  theory  [4],  and  (iii)  Stem 
theory.  [5]  Here  the  FC  and  Stem  models  are  two  independent  attempts  to  modify  the  BH  theory  for  compensated 
semiconductors.  Our  calculation  also  includes  scattering  by  neutral  impurities,  acoustic  phonons,  and  optical 
phonons.  The  results  of  the  direct  comparison  between  calculated  and  experimental  mobilities  can  be  summarized 
as  follows.  For  K<0.3  all  the  three  models  predict  essentially  the  same  mobilities  for  T  between  10  and  300  K 
that  agree  very  well  with  the  experiments.  For  0.3<K<0.6  only  the  FC  model  agrees  with  the  experiments  while 
the  BH  and  Stem  models  overestimate  the  mobility  by  more  than  factor  of  three  at  T=100  K,  For  K>0.6  all  the 
three  models  fail  by  overestimating  the  mobility  severely. 

These  results  indicate  that  the  widely  used  BH  approach  is  not  applicable  to  heavily  compensated  semiconductors 
(K>0.3)  while  the  FC  model  extends  its  range  up  to  K=0.6.  For  K>0.6  more  refined  treatment  of  the  screening 
and  multiple  ion  scattering  may  be  required  to  explain  carrier  mobilities  in  materials  with  large  concentration  of 
ionized  impurities  in  the  presence  of  much  smaller  concentration  of  free  carriers.  A  quantitative  estimation  of 
the  error  in  K  determined  by  the  BH  and  FC  models  for  0.3<K<0.9  samples  will  be  given  at  the  conference 
presentation. 

The  work  at  Keio  was  supported  by  grant  in  aid  from  KAST  and  the  Ministry  of  Education,  Japan.  The  work  at 
Berkeley  was  supported  by  US  NASA  W17605  and  US  DOE  DE-AC03-76SF00098. 
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[1]  See  for  example  D.  J.  Chadi  and  C.  H.  Park  in  Proc.  ICDS-18,  Mat.  Sci.  For.  196-201,  285  (1995)  and  other 
related  articles  in  the  same  reference. 

[2]  W.  Walukiewicz,  et.  al.,  J.  Appl.  Phys.  50,  889  (1979). 

[3]  H.  Brooks,  Adv.  Electr.  Electr.  Phys.,  7,  85  (1955). 
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*  Compensation  ratio  K  ??[Minority  impurity  concentration]  /  [Majority  impurity  concentration] 


Programme  and  abstracts  book  •  99 


MOBILITY  DOPING  -  Chair:  B.L.  Sopori 


DEPENDENCE  OF  ELECTRON  MOBILITY  ON  DOPANTS  IN  HEAVILY 

DOPED  SEMICONDUCTORS 


G.  Kaiblinger-Gruiin.  H.  Kosina,  S.  Selberherr 

Institute  for  Microelectronics,  TU  Vienna,  Gusshausstrasse  27-29,  A- 1040  Vienna,  Austria. 

Phone  +43/1/58801-3851,  FAX  +43/ 1/5059224, e-mail  Error!  Bookmark  not  defined. 

Key  Words:  electron  mobility,  ionized  impurity  scattering,  semiconductors 

We  introduce  a  new  theoretical  approach  to  study  the  dependence  of  the  low-field  electron  mobility  on  the 
atomic  number  and  on  the  electron  number  of  the  dopants  in  doped  semiconductors.  The  charge  distribution  of 
the  impurities  is  described  within  the  Thomas-Fermi  theory  in  the  energy  functional  formulation.  By  means  of  a 
variational  principle  one  obtains  a  unique  charge  distribution  for  each  dopant.  It  can  be  shown  that  the  failure  in 
the  past  to  describe  successfully  the  different  mobilities  for  different  dopants  lies  in  the  neglection  of  the  spatial 
extension  of  the  electron  charge  density.  The  corresponding  atomic  form  factor  of  the  charge  distribution  in 
Fourier  space  is  significantly  different  for  different  dopants,  escpecially  for  acceptors.  The  scattering  cross 
section  as  a  function  of  the  atomic  and  electronic  number  of  the  impurities  is  derived.  The  Schwinger  amplitude 
which  is  superior  to  the  2.  Born  approximation  is  used  to  calculate  the  scattering  rates.  To  obey  the  Friedel  sum 
rule  we  have  to  correct  the  Debye  screening  length.  The  new  formula  for  the  screening  length  depends  on  the 
dopants,  i.e.  screening  differs  for  an  attractive  potential  from  a  repulsive  one  which  is  a  consequence  of  the 
different  effective  scattering  potentials  for  minority-  and  majority  electrons.  Monte  Carlo  simulations  including 
all  important  scattering  processes  have  been  performed  for  silicon,  GaAs,  and  InP  in  the  doping  concentration 
range  from  10  cm  to  10  cm  ■^.  The  agreement  with  experiments  is  excellent.  Our  results  confirm  not 
only  the  experimental  data  of  the  mobility  enhancement  of  minority  electrons  by  a  factor  of  about  2  compared  to 
majority  electrons  in  degenerated  semiconductors  but  also  the  generally  lower  electron  mobility  in  arsenic- 
doped  silicon  compared  to  phosphorus-doped  silicon. 
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In  this  paper  we  investigate  in  detail  the  formation  kinetics  of  the  new  type  of  shallow  thermal  donors,  the  K- 
donors,  found  in  Al-doped  silicon.  A  modeling  of  this  kinetics  in  terms  of  diffusion  controlled  chemical  reactions 
of  oxygen  and  aluminum  provides  a  new  insight  into  the  problem  of  oxygen  diffusion  in  silicon  at  annealing 
temperatures  of  about  450  ^C. 

The  dependence  of  the  shallow  thermal  donor  (STD)  concentration  on  the  annealing  time  has  been  investigated 
by  means  of  the  infrared  absorption  spectroscopy.  Two  types  of  acceptor-doped  Cz-silicon  samples  were  used: 
boron-  and  aluminum-doped.  The  generation  of  shallow  thermal  donors  is  observed  in  both  types  of  samples, 
but  only  in  Al-doped  ones  a  new  species  called  the  K-donors  developed.  Its  formation  kinetics  was  similar  to  the 
other  STD,  the  K-donors  were  thus  related  to  aluminum-oxygen  complexes. 

Although  the  K-donors  give  rise  to  the  well  resolved  1  s-2p  shallow  donor  transitions  in  the  far  infrared  and  there 
is  almost  no  chemical  shift  present,  their  nature  is  far  more  complex  than  that  of  the  shallow  hydrogenic  donors. 
They  were  found  to  exhibit  a  DX-type  metastability  with  a  critical  transition  temperature  of  about  180  K.  At 
liquid  nitrogen  temperatures  they  spontaneously  undergo  a  most  probably  entropy-driven  transition  to  an  other 
configuration. 

The  growth  kinetics  of  the  K-donors  was  modeled  in  terms  of  diffusion-controlled  second-order  chemical  reactions. 
Several  reaction  schemes  involving  one  Al  and  one  or  more  oxygen  atoms  were  proposed  and  compared  with 
the  experimental  data.  The  results  are  presented  in  terms  of  the  oxygen  diffusion  coefficient  and  a  characteristic 
interaction  radius  for  the  defect-oxygen  reaction. 

It  has  been  established  that  some  reaction  paths  may  proceed  when  the  oxygen  diffusion  coefficient  has  a  value 
of  approximately  5*10"^^  cm^/s  at  470  which  is  an  extrapolation  of  the  higher  temperature  diffusion  data. 
Thus,  it  seems,  that  no  anomalously  high  oxygen  diffusion  coefficient  is  necessary  to  explain  the  phenomenon 
of  thermal  donor  generation.  Additionally,  it  has  been  found  that  the  incorporation  of  the  Si-selfinterstitial  as  a 
catalyst  into  the  reaction  pathway  greatly  enhances  the  overall  efficiency  of  the  K-donor  formation  reaction. 

The  formation  kinetics  of  the  aluminum-related  shallow  thermal  donors  is  related  to  the  agglomeration  of  other 
thermal  donors  through  the  common  diffusing  reagent  -  oxygen.  However  the  reactions  involved  are  not  as 
complex  and  therefore  easier  to  handle  and  interpret  theoretically.  Their  investigation  in  terms  of  the  nonlinear 
diffusion-controlled  processes  sems  to  give  a  clear  insight  into  the  phenomena  governing  the  oxygen  diffusion 
and  precipitation  at  470  C. 
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We  report  on  diffusion  of  Au  into  highly  dislocated  Si  monocyrstals,  undoped  and  uniformly  doped  with  B.  The 
boron  concentration  of  the  samples  exceeds  the  intrinsic  carrier  concentration^even  at  high  temperatures  resulting 
in  extrinsic  diffusion  conditions.  A  high  density  of  dislocations  of  10  cm  or  higher  was  obtained  by  j^^astic 
deformation  of  Si  bars.  After  indiffusion^of  Au  into  Si,  the  samples  were  neutron  irradiated^^e  stable  ^  Au 
transforms  into  the  radioactive  isotope  ^  Au  by  neutron  transmutation.  The  distribution  of  ^  Au  was  followed 
by  mechanical  sectioning  and  counting  the  activity  of  each  section. 

Au  profiles  measured  after  diffusion  at  temperatures  between  900°C  and  U00°C  show  Au-diffusion  to  be  faster 
in  heavily  boron-doped  Si  than  in  undoped  samples.  All  profi|^s  are  accurately  described  by  complementary 
error  func^ons  yielding  an  effective  diffusion  coefficientDAu  ^nd  a  boundary  concentration  Cau(x=0).  Data 
forD^u  and  extracted  especially  after  diffusion  at  900°C  are  considerably  lower  and  higher, 

respectively,  than  expected  from  the  extrapolation  based  on  the  high-temperature  results.  Although  the  temperature 
d^endence  for  D;s^^u  ^  and  Cau(x=0)  individually  deviate  from  an  Arrhenius  equation  the  product  D^u 
Cau(x=0)  both  for  boron-  and  undoped  Si  follows  an  Arrhenius  expression. 

On  the  basis  of  interstitial-substitutional  exchange  mechanisms  which  are  well  established  for  the  analysis  of  Au 
diffusion  in  Si  and  a  mechanism  which  additionally  takes  into  account  segregation  of  Au  at  dislocations,  the 
temperature  dependence  of  D^u  ^  ,Cau(x=0)  and  their  product  is  explained.  Within  these  models  Au  profiles  in 
highly  dislocated  Si  yield  information  about  the  enthalpy  of  segregation.  Furthermore,  the  influence  of  doping 
on  Au  diffusion  enables  us  to  deduce  for  the  first  time  the  charge  state  and  energy  level  of  interstitial  Au  in  Si. 

The  strong  segregation  tendency  of  Au  found  at  900  °C  motivates  us  to  simulate  the  distribution  of  Au  diffusion 
in  a  Si  structure  consisting  of  buried  layers  with  a  high  dislocation  density.  Theoretical  profiles  show  that  the 
foreign-atom  concentration  inside  the  buried  layer  exceeds  the  concentration  in  the  dislocation-free  regimes  by 
several  orders  of  magnitudes.  This  finding  which  has  potential  application  in  the  formation  of  buried  micro¬ 
wires,  can  be  checked  experimentally  by  appropriate  structures  grown  by  molecular-beam  epitaxy 
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It  is  well  known  that  gold  in  Si  crystals  diffuses  via  the  kick-out  mechanism  therefore  during  gold  diffusion  self 
interstitals  are  generated  in  the  bulk  and  gold  concentration  is  determined  by  the  self  interstitial  annihilation. 
Thus  investigations  of  gold  distribution  after  diffusion  annealing  allow  to  study  interaction  of  self  interstitials 
with  extended  defects,  annihilation  efficiency  of  these  defects  and  generation  of  self  interstitials  by  the  other 
sources  during  the  diffusion  annealing.  In  dislocated  samples  the  interstitial  annihilation  predominantly  takes 
place  on  dislocations  and  if  the  annihilation  velocity  is  not  very  high  measurements  of  gold  concentration  allow 
to  estimate  the  dislocation  efficiency  as  a  sink  for  self-interstitials  as  a  function  of  impurity  content,  thermal 
treatment  conditions,  dislocation  structure  etc.  It  has  been  shown  that  the  gold  concentration  after  the  diffusion 
in  the  temij|ratur| range  from  850°  to  1000°  C  in  Cz  and  FZ  dislocated  p-type  Si  with  the  same  boron  concentration 
(about  10  cm  )  is  rather  different  although  in  the  both  types  of  crystals  the  gold  concentration  ji^side  the 
samples  in  accordance  with  the  kick-out  mechanism  increases  with  the  dislocation  density  as  (Nq)  .  It  was 
obtained  that  efficiency  of  dislocations  as  a  sink  for  Si  interstitial  is  much  smaller  in  Cz  Si  than  that  in  FZ  one. 
The  Error!  Bookmark  not  defined,  coefficient  describing  this  efficiency  in  Cz  Si  at  850°C  is  about  0.01,  i.e. 
much  smaller  than  that  (Error!  Bookmark  not  defined.- 1)  estimated  for  the  case  of  very  high  annihilation 
velocity,  and  exponentially  increases  with  temperature  while  in  FZ  Si  it  is  practically  independent  of  temperature. 
The  results  obtained  can  be  explained  by  dislocation  pinning  by  oxygen  precipitates  as  it  was  demonstrated  by 
well  know  experiments  studied  the  formation  of  locking  stresses  for  dislocation  gliding  and  by  the 
thermostimulated  release  of  dislocation  from  these  obstacles  or  by  the  dissolution  of  oxygen  precipitates  under 
gold  diffusion  conditions.  It  has  been  shown  that  from  such  measurements  the  part  of  dislocations  able  to  climb 
can  be  estimated.  The  influence  of  self  interstitials  created  due  to  oxygen  precipitates  formation  on  the  gold 
concentration  has  been  revealed.  It  has  been  shown  that  gold  diffusion  experiments  can  give  a  valuable  information 
about  the  oxygen  precipitation  and  reconstruction  of  oxygen  precipitates. 
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Grown-in  intrinsic  point  defects  and  their  agglomerates  in  Czochralski  silicon  are  taking  on  an  ever  increasing 
importance  to  the  successful  manufacture  of  integrated  circuits  especially  at  the  64Mbit  level  of  integration  and 
beyond.  The  primary  issue  is  the  agglomeration  of  excess  vacancies  during  crystal  growth  into  small  (50-  lOOnm) 
octohedral  voids  in  densities  on  the  order  106  cm-3.  Under  certain  circumstances  agglomerates  of  silicon  self 
interstitials  may  also  be  important.  At  the  moment,  however,  it  is  the  vacancy  agglomerates  which  are  of  the 
greatest  interest.  Such  “grown-in”  voids  can  act  as  sites  for  dielectric  breakdown  events  in  thin  gate  oxides.  As 
chip  sizes  and  complexity  increase,  the  presence  of  these  defects  in  the  “typical”  densities  can  be  a  yield  limiting 
factor.  Epitaxial  silicon  presents  a  straightforward  solution  to  the  problem,  but  rapid  advances  in  fundamental 
silicon  science  and  crystal  growth  engineering  may  yet  prove  successful  in  bringing  these  defects  under  sufficient 
control  for  the  GigaBit  era  and  beyond. 

This  paper  presents  a  survey  of  recent  advances  in  the  understanding  intrinsic  point  defects  and  their  reactions 
during  crystal  growth.  Of  primaiy  concern  is  1)  the  incorporation  of  excess  intrinsic  point  defects  into  a  growing 
silicon  ingot,  2)  the  processes  which  control  their  agglomeration  into  large  low  density  defects  3)  methods  by 
which  their  size  and  density  distributions  may  be  controlled  and  4)  the  effects  of  residual  concentrations  of 
intrinsic  point  defects  left  over  from  the  main  agglomeration  reactions  on,  primarily,  the  clustering  of  oxgyen  at 
temperatures  lower  than  those  of  the  main  agglomeration  reaction. 
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In  this  work  we  report  theoretical  investigations  of  the  chemical  trends  in  the  electronic  properties  of  transition 
metal  impurity  pair  complexes  in  GaAs.  Self-consistent  electronic  state  calculations  have  been  carried  out  for 
the  arsenic  vacancy-3d  transition  metal  pairs  using  the  Watson-terminated  molecular  cluster  model  within  the 
framework  of  the  multiple-scattering  Xa  method. 

The  analysis  of  the  one-electron  energy  spectra  of  the 

to  the  conclusion  that  the  pairs  in  trigonal  symmetry  can  be  described  by  two  different  microscopic  models.  For 
TM  =  V,  Cr,  Mn,  and  Fe  the  gap  energy  levels  are  3d-related  orbitals  and  are  formed  by  a  covalent  interaction 
between  them  and  the  host  atoms  electronic  states.  ForTM  =  Co,  Ni,  and  Cu  the  gap  energy  levels  are  divancancy- 
like  states,  i.e.,  they  have  a  dangling-bond  character.  Therefore  the  electronic  and  magnetic  properties  of  the 
pairs  are  related  to  molecular  orbitals  which  have  distinct  characteristics  depending  on  the  occupation  of  the  3d 
orbitals  of  the  TM  impurity. 
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LONG  RANGE  LATTICE  RELAXATION  FOR  DONOR  CENTERS  IN 

SUPERCELL  METHOD 
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When  applying  the  supercell  approximation  to  a  point  defect  in  semiconductor,  there  arise  problems  connected 
with  a  description  of  a  lattice  deformation  around  the  defect.  In  the  present  work,  these  problems  are  revealed 
and  discussed.  The  supercell  method  can  be  successfully  applied  to  the  short-range  lattice  deformation  around 
the  point  defect,  for  which  only  the  nearest-neighbour  ions  are  shifted  from  their  equilibrium  positions.  However, 
the  long-range  lattice  deformation,  which  accompanies  the  impurity  centers  in  semiconducting  compounds, 
involves  small,  slowly  vanishing  displacements  of  the  remote  ions  and  cannot  be  properly  treated  by  this  method. 
If  we  try  to  describe  the  long-range  deformation  by  introducing  the  supercell,  which  usually  consists  of  no  more 
than  a  hundred  of  ions,  we  neglect  the  displacements  of  the  ions  outside  the  supercell.  Moreover,  the  symmetric 
distribution  of  the  supercells  does  allow  to  take  into  account  the  relaxation  of  a  part  of  the  ions  inside  the 
supercell.  This  problem  is  considered  in  the  present  work  with  the  help  the  phonon  representation  for  the  ion 
displacements.  The  largest  contribution  to  the  lattice  deformation  energy  results  from  the  interaction  with  LA 
and  LO  phonons,  which  are  described  by  the  deformation  potential  and  polar  coupling,  respectively.  We  have 
calculated  the  displacements  of  ions  around  donor  centers  in  the  charge  states:  D°,  D  ,  and  D  ,  and  determined 
their  contribution  to  the  total  energy  of  the  donor-relaxed  lattice  system  as  a  function  of  the  size  of  the  supercell. 
The  calculations  have  been  performed  in  the  frame  of  the  one-band  approximation  for  strongly  and  weakly 
localized  shallow-level  donor  states  in  GaN,  GaAs,  AlAs,  CdS,  CdTe,  ZnSe,  and  CuCl.  The  results  show  that  the 
short-range  interaction  with  LA  phonons  leads  to  the  lattice  distortion  around  the  impurity  center  of  an  intermediate 
range,  which  means  that  the  supercell  consisting  of  several  hundreds  of  atoms  is  sufficient  to  account  for  the 
major  energetic  contribution.  However,  the  correct  treatment  of  the  lattice  deformation  resulting  from  the  long- 
range  polar  interaction  with  LO  phonons  requires  the  application  of  the  supercell,  which  contains  several  thousands 
of  atoms.  The  energy  and  the  range  of  the  LO-phonon  induced  lattice  relaxation  increase  with  increasing  polar 
character  of  the  binding  of  semiconducting  compound.  This  effect  is  essential  for  the  strongly  polar  crystals 
(CuCl,  GaN),  but  even  for  the  weakly  polar  GaAs,  becomes  important  for  the  donor  states  of  strong  electron 
localization  at  the  impurity  center.  The  estimated  energetic  contribution  and  the  range  of  the  lattice  deformation 
around  the  donor  center  are  of  particular  importance  in  planning  the  large-scale  ab  initio  calculations  with  the 
use  of  supercells  and  interpreting  their  results. 
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AB  INITIO  INVESTIGATIONS  ON  DIFFUSION  OF  HALOGEN  ATOMS 

IN  GaAs 
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The  behavior  of  halogen  atoms  incorporated  in  semiconductors  is  of  great  importance  in  various  processes  in 
device  fabrication.  The  reaction  and  diffusion  of  halogen  atoms  in  the  bulk  semiconductor  and  the  near-surface 
region  is  essential  for  chemical  etching  processes.  The  diffusion  properties  determine  the  concentration  of  halogen 
atoms  near  the  surface  during  etching.  The  prese  nee  of  large  concentrations  of  ionized  halogen  atoms  induces 
band  bending  near  the  surface,  changes  carrier  concentrations  around  the  halogen  atoms,  and  affects  the  etching 
reactions  of  halogens.  The  degradation  of  AlInAs/GalnAs  system  caused  by  thermal  treatments  is  reported  to  be 
due  to  the  diffusion  of  fluorine  atoms  from  the  surface  into  the  Si-doped  Alin  As  layer,  which  causes  the  formation 
of  complexes  between  the  F  and  Si  atoms  and  leads  to  the  passivation  of  Si  donors  [1  ].  The  thermal  degradation 
is  peculiar  to  the  AlInAs  ternary  system,  in  which  F  atoms  may  exhibit  high  diffusivity.  In  spite  of  their 
technological  importance,  the  properties  of  halogen  atoms  are  poorly  understood. 

In  this  paper,  we  present  first-principles  calculations  of  the  properties  of  halogen  atoms  in  crystalline  GaAs, 
such  as  stable  configurations,  migration  paths,  charge-state  effects,  and  interactions  with  dopant  atoms.  The 
calculations  are  based  on  the  local  density  functional  theory  using  first-principles  pseudopotentials  in  a  supercell 
geometry.  We  have  determined  the  stable  charge  state  of  an  isolated  halogen  atom  as  a  function  of  the  Fermi 
energy,  and  found  that  chlorine  and  fluorine  atoms  exhibit  quite  different  behaviors  in  GaAs.  The  Cl  atom 
prefers  the  bond-center  site  of  a  Ga- As  bond  in  the  positive  charge  state,  in  spite  of  its  high  electronegativity,  and 
diffuses  through  the  GaAs  crystal  via  a  path  in  the  region  of  high  electron  density.  On  the  other  hand,  the  F  atom 
prefers  the  negative  charge  state  at  the  tetrahedral  interstitial  site  which  has  Ga  atoms  as  the  nearest  neighbors, 
and  diffuses  through  the  low-electron-density  region.  In  Si-doped  GaAs,  both  the  Cl  and  the  F  atom  occupy  the 
tetrahedral  interstitial  site  with  the  substitutional  Si  donor  atom  as  a  nearest  neighbor  and  form  a  neutral  halogen- 
Si  complex.  The  Cl-Si  complex  is  weak  and  easily  dissociates  into  the  isolated  Cl  and  Si  atoms,  while  the 
dissociation  energy  of  the  F-Si  complex  is  much  larger  than  that  of  the  Cl-Si  complex,  which  implies  that  F 
atoms  more  effectively  passivate  Si  donors  in  GaAs.  The  thermal  degradation  of  AlInAs  system  will  be  also 
discussed  in  terms  of  the  obtained  results  of  the  behaviors  of  F  atoms  in  GaAs. 

[1]  N.  Hayafuji,  Y.  Yamamoto,  N.  Yoshida,  T.  Sonoda,  S.  Takamiya,  and  S.  Mitsu  1995  Appl.  Phys.  Lett.  66  863 
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We  studied  the  anion-site  substitutional  impurity  C^s  in  GaAs  because  of  its  importance  for  growing  semi- 
insulating  GaAs  crystals.  The  local  vibrational  mode  (LVM)  at  this  defect  shows  a  distinct  fine^structure  due  to 
a  ligand  induced  isotope  effect.  However,  the  fine  structure  and  the  isotope  shift  due  to  the  C  — >  C  replacement 
can  not  be  explained  within  the  harmonic  approximation  [1].  Recently,  a  second  thermally  activated  line  of  the 
LVM  was  discovered  [2]. 

We  performed  an  ab-initio  density-functional  theory  treatment  of  the  LVM  at  this  impurity  center.  First,  the 
phonon  dispersion  curves  of  the  GaAs  bulk  crystal  were  calculated  in  the  harmonic  approximation  in  order  to 
account  for  the  hybridization  effects  between  the  local  and  host  vibrational  modes.  After  one  Arsenic  atom  of  the 
supercell  had  been  replaced  by  Carbon,  we  relaxed  the  four  innermost  shells  of  atoms  of  the  host  crystal  around 
the  impurity.  The  Gallium  neighbors  are  displaced  0,39  AA  towards  the  Carbon  atom.  Using  the  relaxed  positions 
we  calculated  the  second  order  harmonic  and  third  and  fourth  order  anharmonic  force  constants  between  the 
atoms  close  to  the  defect. 

In  the  harmonic  approximation,  the  theoretical  impurity  isotope  shift  was  2.56  meV  in  good  agreement  with  the 
experimental  value  of  2.60  meV.  However,  the  harmonic  approximation  failed  for  the  ligand  induced  isotope 
shift,  for  which  we  calculated  a  value  25%  too  low.  Our  first  analysis  showed,  that  the  vibration  of  the  impurity 
atom  with  frequency  v  =  1.7-  10  s  couples  to  vibrations  of  the  ligands  with  fracl2v  due  to  the  third  order 
terms  of  the  potential.  This  increases  the  localization  of  the  mode  at  the  ligands.  We  use  a  Green’s  function 
technique  for  the  quantitative  determination  of  this  mode  coupling  to  obtain  a  better  understanding  of  the  observed 
ligand  induced  isotope  shift. 

[1]  R  S  Leigh,  R  C  Newman  et  al  1994,  Semicond.  Sci.  techno!.  9,  1054-1061 

[2]  H  Alt  1995,  Materials  Science  Forum  196-201,  1577-1582 
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In  previous  work  we  have  shown  that  semi-insulating  materials  can  be  obtained  from  n-type  GaAs  by  in-diffusion 
of  copper  through  a  conventional  compensation  mechanism  [1,2.  The  analysis  was  based  on  Halt  effect  and  dark 
current  measurements.  We  have  also  investigated  the  compensation  process  by  monitoring  directly  the  carrier 
traps  introduced  by  copper  in  the  n-type  starting  material  using  optical  DLTS  and  photo-induced  current 
spectroscopy  which  enables  us  to  trace  the  traps  through  the  semi-insulating  phase. 

In  this  work  we  investigate  semi-insulating  samples  which  were  obtained  by  diffusion  of  copper  in  n-type  GaAs 
starting  materials.  Thermally  Stimulated  Current  (TSC)  spectroscopy  has  been  used  to  study  the  dominant  energy 
levels  in  the  samples.  Three  energy  levels  were  observed :  the  copper  acceptors  at  +  0. 1 5  eV  and  Ey  +  0.4  eV 
as  well  as  a  deep  donor  level  at  Ec  -  0.7  eV.  The  donor  peak  is  shifted  in  temperature  with  respect  to  EL2  present 
in  the  starting  materials.  The  microscopic  structure  of  this  deep  donor  is  not  known.  The  infrared  quenching  and 
recovery  mechanism  of  the  photoconductivity  at  90  K  and  the  TSC  signal  from  the  observed  defects  have  been 
investigated.  Similar  photoconductivity  quenching  is  observed  in  the  copper  diffused  semi-insulating  samples 
and  the  semi-insulating  reference  material.  Since  EL2  is  completely  suppressed  by  the  copper  diffusion,  this 
means  that  the  new  deep  donor  has  the  same  photoquenching  properties  as  EL2.  In  addition,  close  values  of  the 
optical  capture  cross  sections  are  measured  for  the  two  defects.  Hence,  we  deduce  that  the  deep  donor  very 
likely  involves  the  AsQa  defect. 

No  correlation  between  the  dynamics  of  the  photoconductivity  quenching  and  the  quenching  of  the  TSC  signal 
from  the  copper  acceptors  was  observed.  We  deduce  that  the  microscopic  structure  of  the  related  defects  does 
not  include  EL2.  This  is  a  direct  evidence  against  a  connection  between  the  microscopic  structure  of  the  acceptor 
defects  induced  by  the  Cu-diffusion  in  GaAs  and  the  Asq^  antisite. 

[1]  B.H.  Yang  and  H.R  Gislason,  Materials  Science  Forum  196-201, 713-718  (1995) 

[2]  B.H.  Yang,  D.  Seghier  and  H.P.  Gislason,  to  be  published  in  the  Proceedings  of  the  IEEE-SIMC9,  Toulouse, 

France,  Mars  1996. 
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Extensive  analysis  [1]  of  titration,  density,  and  lattice  constant  measurements  indicates  that  the  most  numerous 
point  defects  in  melt-grown  GaAs  are  As  interstitials.  The  electrical  behavior  at  growth  appears  to  be  controlled 
by  As  vacancies,  indicating  that  the  As  interstitials  remain  neutral.  After  post-growth  cooling,  these  interstitials 
are  expected  to  be  present  primarily  in  complexes  or  extended  defects,  since  isolated  As  interstitials  are  quite 
mobile.  However,  there  is  no  direct  experimental  evidence  on  the  precise  microscopic  structure  of  the  As 
interstitials  either  during  high-temperature  growth  from  the  melt,  or  in  the  diffuse  interstitial  clusters  [2]  which 
have  been  observed  after  cooling. 

In  order  to  obtain  very  high  resistivity  and  short  carrier  lifetimes,  GaAs  can  be  grown  by  MBE  at  low  substrate 
temperatures,  resulting  in  extremely  As-rich  material  (LT  GaAs).  As  in  melt-grown  GaAs,  measured  As  antisite 
concentrations  in  LT  GaAs  are  often  too  low  to  account  for  the  reported  deviation  from  stoichiometry.  Formation 
energies  of  As  interstitials  and  As  antisites  in  As-rich  GaAs  have  been  found  to  be  comparable,  and  lower  than 
the  Ga  vacancy  formation  energy  [3],  suggesting  that  substantial  numbers  of  As  interstitials  may  be  present  in 
LTGaAs,  as  well  as  in  melt-grown  GaAs.  The  lowest  energy  isolated  As  interstitials  are  acceptors  [4].  However, 
since  large  numbers  of  electrically  active  As  interstitials  are  not  observed  in  either  melt-grown  or  LT  GaAs,  As 
interstitials  may  be  present  in  these  materials  primarily  in  the  form  of  electrically  inactive  complexes. 

We  will  discuss  the  results  of  first-principles  molecular  dynamics  studies  of  the  low-energy  configurations  for 
As  interstitial  pairs.  The  lowest  energy  As  interstitial  pairs  are  found  to  be  electrically  inactive.  These  interstitial 
pairs  also  contribute  only  a  modest  amount  of  lattice  strain,  in  agreement  with  experimental  evidence  that  As 
interstitials  do  not  make  a  large  contribution  to  the  lattice  strain. 

*  This  work  was  supported  in  part  by  the  AFOSR  under  Grant  F49620-96-1-0167,  and  by  grants  of  HPC  time  on 
the  SGI  Power  Challenge  at  the  DOD  Aberdeen  Center  and  on  the  Cray  C90  at  the  DOD  CEWES  Center. 

[1]  D.  T.  J.  Hurle,  Materials  Science  Forum  196-201,  179  (1995) 

[2]  L.  Chamiy  and  V.  Bublik,  J.  Crystal  Growth  135.  302  (1994) 

[3]  J.  I.  Landman,  C.  G.  Morgan,  J.  T.  Schick,  P.  Papoulias,  and  A.  Kumar,  Phys.  Rev.  B,  to  be  published. 

[4]  D.  J.  Chadi,  Phys.  Rev.  B  46,  9400  (1992) 
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RESULTS  OF  PHOTOLUMINESCENCE  STUDIES  AT  RESONANT 
POLARZED  EXCITATION 
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A  photoluminescence  (PL)  band  with  a  maximum  near  1.2  eV  associated  with  complexes  involving  a  gallium 
vacancy  {Vca)  and  a  donor  {Tcas,  SnQa  orSica)  in  GaAs  was  studied  at  excitation  by  light  with  photon  energy 
lower  than  the  GaAs  gap-  PL  spectra,  PL  excitation  spectra  and  PL  polarization  induced  by  polarized  resonant 
excitation  have  been  measured  in  the  temperature  (T)  range  of 2-240  K.  The  induced  PL  polarization  was  invariant 
up  to  1 30  K  for  any  type  of  donors  under  investigation,  suggesting  that  at  r<130  K  the  Jahn-Teller  distortions 
of  the  complexes  do  not  reorient  in  the  light-emitting  state.  In  the  simple  models  of  these  complexes  [1]  this 
means  that  the  barrier  between  equivalent  configurations  of  the  complex  in  the  light-emitting  state  (and  hence 
the  energy  of  the  Jahn-Teller  stabilization)  is  higher  than  -  200  meV.  Reorientation  of  distortions,  revealed  from 
their  alignment  under  uniaxial  pressure  at  T=2  K  [1],  occurs  in  the  ground  state  which  is  also  distorted. 

From  the  low-temperature  values  of  the  induced  polarization  of  PL  at  different  crystal  orientations  relative  to  the 
directions  of  the  exciting  light  and  its  electric  vector,  we  have  evaluated  parameteres  of  optical  dipoles  describing 
in  one-dipole  approximation  absorption  and  emission  of  light  by  the  complexes.  For  all  complexes,  the  direction 
of  the  optical  dipole  was  found  to  be  not  too  different  from  the  <  1 1 1  >-type  axis.  (In  the  case  of  axis 

does  not  coincide  with  the  initial  axis  of  the  complex).  This  demonstrates  that  the  splitting  of  vacancy  state  of 
any  complex  under  investigation  due  to  the  donor  effect  is  less  than  that  due  to  the  Jahn-Teller  effect.  From  the 
values  of  angles  characterizing  direction  of  optical  dipole,  we  estimated  the  relative  values  of  the  Hamiltonian 
parameters  [1]  describing  the  effect  of  a  donor  in  the  complex.  In  and  Vca^^Ga  for  both  possible 

models  of  these  complexes  (one  or  two  configurations  with  the  lowest  energy),  the  donor  effect  is  weaker  than 
in  VQa^^As  complex,  what  is  consistent  with  difference  in  donor  position  relative  to  Vq^  in  these  complexes. 

[1]  A.  A.  Gutkin,  N.  S,  Averkiev,  M.  A.  Reshchikov,  V.  E.  Sedov,  Proc.  Of  ICDS-18,  ed.  By  M.  Suezawa  and  H. 

Katayama-Yoshida.  Materials  Science  Forum,  vv.  196-201,  pt.  1,  p,  231  (1995). 
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Epitaxial  growth  is  classically  used  to  produce  thin  layers  and  heterostructures  of  good  quality  for  micro-  and 
opto-electronics.  The  up-to-date  techniques  (molecular  beam  and  chemical  vapor  phase  deposition  techniques) 
are  expensive,  often  polluting  and  do  not  allow  the  growth  of  layers  more  than  few  microns  thick.  However, 
there  are  many  fields,  such  as  high  power  electronics,  optics,  nuclear  detection,  in  which  the  use  of  thicker 
epitaxial  layers  is  required.  Such  thick  layers  cannot  be  produced  by  the  above  mentioned  techniques.  We  shall 
describe  a  simple,  inexpensive  and  non  polluting  technique  that  allows  the  growth  of  very  thick  layers  (from 
typically  few  microns  to  mm).  This  is  a  vapor  phase  technique  which  allows  to  vary  the  growth  rate  in  a  very 
large  range  (from  1  pm  per  hour  to  10  pm  per  minute).  It  has  been  used  to  grow  GaAs  thick  layers,  namely 
several  hundred  of  microns  thick.  Structural,  electrical  and  optical  studies  have  been  performed  in  order  to 
evaluate  their  potentialities  for  specific  applications.  Double  X-ray  diffraction  shows  that  the  layers  are  mono- 
cristalline  and  no  deviation  from  stoichiometry  can  be  detected.  Secondary  ion  mass  spectroscopy  shows  that 
the  main  impurities  that  contaminate  the  layers  are  Si  and  C  at  a  level  of  1016  cm-3.  Infrared  absorption  detects 
only  the  presence  of  EL2  defects  with  a  concentration  which  is  directly  related  to  the  growth  rate.  This  dependence 
of  EL2  concentration  versus  the  growth  rate  will  be  described  and  explicited.  The  way  to  obtain  semi-insulating 
layer  will  be  deduced  and  demonstrated.  Photoluminescence  spectra  of  these  layers  exhibit  a  strong  bound 
exciton  line  accompanied  by  the  donor-acceptor  line,  tgat  illustrates  their  good  quality.  Hall  effect  shows  that 
the  layers  can  be  slightly  n-  or  p-type  (at  a  level  of  10  cm  )  depending  on  the  growth  conditions  and  on  the 
concentration  of  the  EL2  defects.  The  mobilities  are  characteristics  of  phonon  scattering,  indicating  that  the 
concentration  of  charged  defects  or  impurities  is  low.  We  shall  finally  describe  how  all  these  properties  vary 
with  the  conditions  of  growth.  We  shall  discuss  how  these  layers  could  be  used  for  the  fabrication  of  fast 
photodetectors  and  high  power  optically  activated  switches. 
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The  Si  donor  reactivation  in  Ar  plasma-irradiated  GaAs  under  Reverse  Bias  Annealing,  RBA,  at  elevated 
temperature  was  first  reported  in  the  last  ICDS- 1 8  [  1  ].  The  reactivation  was  proposed  to  be  induced  by  emission 
of  two-electrons  from  complexes  between  donors  and  point  defects  to  the  conduction  band:  Such  emission 
induces  structural  instability  of  the  complexes  due  to  coulombic  repulsion,  resulting  in  point  defect  dissociation. 
We  have  recently  found  that  such  reactivation  is  also  induced  by  Reverse  Bias  Injection  RBIA,  i.e., 

RBA  under  laser  irradiation  [2] .  The  present  paper  reports  that  the  change  would  be  reversible  due  to  a  metastable 
character  of  the  complex  under  RBIA. 

The  donor  reactivation  reaction  under  RBA  at  elevated  temperatures  was  proposed  [1]: 

(SiY)Si'^  +  Y'^  +  2e'.  (1) 

On  the  other  hand,  the  dissociation  occurred  during  RBA  even  at  room  temperature  under  laser  illumination. 

in  the  surface  layer  was  recovered  and  exceeded  the  original  donor  density  in  the  samples,  i.e., 
in  a  way  reported  [1].  This  suggests  that  point  defects  would  become  positively  charged  by 
RBIA  as  well  as  under  RBA.  In  other  words,  this  reactivation  occurs  due  to  two-photo-excited  hole  capturing 
instead  of  two  electron  emission.  The  rate  constant  of  reactivation  kinetics  under  RBIA  had  an  activation  energy 
of  0. 1  eV  which  is  reduced  from  0.73  eV  under  RBA. 

It  is  interesting  to  note  that  the  charge  density  near  the  surface  region,  which  was  increased  once  by  RBIA, 
decreased  after  heat  treatment  around  100  8C  and  its  profile  is  nearly  the  same  as  before  RBIA.  This  suggests 
that  point  defects  are  not  completely  dissociated  from  the  complexes  with  donors.  Si  Y  ,  under  RBIA,  yet  the 
complexes  show  optically  induced  metastability. 

(SiY)  +  2'n  (Si'^Y'^ )  (2) 

The  transition  temperature  was  as  high  as  around  100  8C. 

Since  the  metastability  occurs  even  at  room  temperature,  they  have  potential  applicability  for  Fermi  level 
modulation  at  relatively  high  temperatures. 

[1]  K.  Wada,  H.  Nakanishi  and  L.C.  Kimerling,  Materials  Science  Forum  196-201  (1995)  1401 . 

[2]  H.  Nakanishi  and  K.  Wada,  to  be  published  in  Appl.  Surf.  Sci. 
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DEFECTS  IN  NEUTRON  IRRADIATED  EEC  SI-GaAs 
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Neutron  irradiated  Liquid  Encapsulated  Czochralski  Semi-Insulating  GaAs  was  studied  in  order  to  identify  the 
traps  that  are  introduced  by  irradiation  and  their  relation  with  the  Charge  Collection  Efficiency  of  the  diodes 
when  used  as  high  energy  particle  detectors.  Different  LEC  starting  material^  were  ^sed  to  make  prototype 
Schottky-Ohmic  diodes  that  were  irradiated  with  fast  neutrons  up  to  1.9x10*^  Ncm’ ,  which  is  the  expected 
annual  dose  that  the  detectors  will  receive  near  the  interaction  point  at  the  Large  Hadron  Collider  at  CERN. 

The  traps  were  studied  using  three  different  techniques,  namely:  a-DLTS,  PICTS  and  Capacitance-Voltage 
measurements.  The  measurement  techniques  require  spoecial  consideration  because  the  material  is  highly 
compensated  and  is  ‘relaxation-like’  so  that  some  conventional  semiconductor  analysis  needs  care.  The  first 
technique  uses  alpha  particles  to  create  electron-hole  pairs  in  a  reverse  biased  diode  and  to  collect  them  using  a 
charge  sensitive  preamplifier.  The  charge  transient  produced  has  a  “fast”  component  with  time  constant 
which  is  related  to  the  trapping  of  the  charge  and  one  or  more  “slow”  components  with  time  constant  r/)/  which 
is  related  to  the  detrapping  of  the  charge  carriers.  A  temperature  scan  produces  a  change  of  the  detrapping  time 
constant  Toi  which  is  fitted  to  a  multi-exponential  function  and  the  activation  energies  and  capture  cross  sections 
are  obtained  from  an  Arrhenius  plot  and  the  concentration  of  the  trapping  centre  is  proportional  to  the  ratio  of 
tDilx*. 

In  the  second  technique  the  capacitance  of  the  diode  is  measured  as  function  of  voltage,  frequency  and  temperature. 
The  time  constant  of  the  trapping  centres,  as  well  as  the  concentrations  can  be  obtained  from  the  fitting  to  a 
Debye  curve  of  Capacitance-Frequency  data  as  function  of  temperature. 

Finally  the  diodes  were  studied  using  Photo-Induced  Current  Transient  Spectroscopy.  A  pulse  of  sub-bandgap 
light  is  shone  onto  the  diode  and  the  current  transient  analysed  using  the  high  resolution  multi-exponential 
fitting  function  already  mentioned. 

Several  traps  were  identified  and  a  calculation  of  the  effect  of  shallow  donors  and  shallow  acceptors  on  the 
compensation  of  deep  acceptors  was  performed.  There  was  good  consistency  between  the  methods.  Well  known 
traps  such  as  ELM  and  EBIO  were  identified  using  the  above  mentioned  techniques  although  a  broad  spectrum 
of  traps  was  found  in  the  different  samples.  No  relation  between  a  specific  trap  and  the  CCE  of  the  diodes  was 
found.  Some  of  the  diodes  have  traps  that  were  not  observed  in  other  samples  although  the  starting  material  is 
nominally  the  same.  Most  of  the  observed  traps  are  electron  traps  but  hole  traps  were  also  found. 
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8-doping  quantum  wells  and  superlattices  are  new  semiconductor  systems  of  considerable  interest  for  basic 
research  and  device  applications.  In  the  present  work,  we  report  on  selfconsi stent  subband-  and  miniband- 
structure  calculations  in  the  effective  mass  approximation  of  n-type  8-doping  multi-quantum  wells  and  superlattices 
under  the  effect  of  in-plane  magnetic  fields.  The  silicon  8-doped  GaAs  superlattices  are  built  up  of  periodically 
thin  layers  of  Si  impurities  2A  wide  immersed  in  bulk  GaAs.  The  dopant  layer  generates  a  V_shaped  potential 
well  that  confines  the  electrons  released  by  the  donors,  forming  a  quasi  two-dimensional  electron  gas  which 
screens  the  potential  of  the  positive  charges.  The  study  is  extended  to  superlattices  in  which  Si  8-doped  layers 
are  introduced  in  the  center  of  GaAs/GaAlAs  quantum- wells,  and  the  system  is  repeated  periodically.  The  magnetic 
field  B,  parallel  to  the  layers  was  taken  in  the  y  direction,  for  which  the  gauge  A=(Bz,0,0)  has  been  assumed.  The 
miniband  wavefunctions  and  eigenvalues  are  obtained  by  solving  the  one-dimensional  Schrodinger  equation  in 
conjunction  with  the  Poisson  equation  which  determines  the  electrostatic  Coulomb  potential.  Many  body  effects 
such  as  exchange  and  correlation  are  taken  into  account  within  the  local  density  approximation.  In  order  to 
satisfy  Bloch  theorem,  we  adopt  the  Wigner-Seitz-Slater  version  of  the  cellular  method  with  space  filling  one¬ 
dimensional  cells  and  impose  the  continuity  of  the  wavefunction  and  its  normal  derivative  at  the  cell  boundaries. 
The  electronic  subband  structures,  miniband  occupations,  potential  profiles,  and  Fermi  level  position  for  several 
donor  concentrations  and  superlattice  periods  are  obtained.  We  show  results  for  magnetic  fields  varying  from  0 
to  20  T  and  discuss  the  magnetic  field  effects  on  the  electronic  structure  of  these  8-doping  systems  in  contrast  to 
what  has  been  observed  in  usual  compositional  superlattices. 
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For  many  years  liquid  encapsulated  Czochralski  (LEG)  semi-insulating  (SI)  GaAs  has  been  widely  used  as  a 
substrate  material  in  GaAs  integrated  circuits.  In  addition,  it  has  recently  found  application  in  radiation-hard 
solid  state  detectors  [1,2].  The  characterization  of  deep  level  native  defects  and  defects  created  by  irradiation  is 
important  to  tailor  the  quality  of  the  material.  Since  DLTS  is  not  useful  for  high  resistivity  materials,  a  technique 
known  as  photoinduced  transient  spectroscopy  (PITS)  has  been  introduced  to  characterize  the  traps  present  in 
such  materials  [3].  This  technique  however,  has  some  limitations  compared  to  DLTS,  such  as  difficulties  in 
identifying  the  nature  of  traps  and  their  concentration. 

In  this  work  an  analysis  of  deep  levels  related^  defects  in  high-resistivity  LEC-GaAs,  generated  during  growth 
or  by  proton  irradiation  (2.6x10  -  1,3x10  cm  )  was  made  using  PITS.  In  order  to  compare  the  effects  of 

defects  in  the  volume  and  defects  close  to  the  surface  of  the  material  on  the  PITS  signal,  sandwich  Schottky 
diodes  and  planar  samples  with  two  ohmic  contacts  on  the  front  face  were  studied.  Five  main  traps  are  observed. 
In  addition  to  apparent  activation  energies,  it  is  shown  that  the  nature  of  traps  can  also  be  identified.  The  irradiation 
creates  a  deep  level  defect  with  an  apparent  activation  energy  of  0.72  eV.  This  defect  was  identified  as  an 
electron  trap.  Furthermore,  it  is  shown  that  the  wavelength  of  the  excitation  light  significantly  modifies  the  PITS 
spectra.  Probable  reasons  for  such  modifications  are  discussed. 

In  order  to  confirm  the  identification  of  traps  deduced  from  PITS,  DLTS  measurements  under  a  continuous 
illumination  [4]  of  the  sample  were  also  performed.  General  comparison  is  made  between  results  obtained  from 
these  different  techniques. 

[1]  J.E.  Eberhart,  R.D.  Ryan  and  A.J.  Tavendale,  Appl.  Phys.  Lett.  17  427  (1970) 

[2]  R.  Benin,  NucL  Instr.  ondMeth.  A294  21 1(1990) 

[3]  Ch.  Hurtes,  M.  Boulou,  A.  Mitonneau  and  D.  Bois,  AppJ.  Phys.  Lett.  32  821  (1978) 

[4]  P.M.  Mooney,  J.  Appl.  Phys.  54  208  (1983) 
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Dry  etching  is  a  key  processing  step  in  microelectronics  manufacturing.  Both  reactive  and  non-reactive  ions, 
and  sometimes  combinations  of  these,  are  used  to  achieve  the  desired  etch  rate  and  semiconductor  surface 
morphology.  Dry  etching  does,  however,  introduce  electrically  active  defects  into  semiconductors  which  alter 
their  properties  and  hence  influence  the  quality  of  devices  fabricated  on  them. 

Using  deep  level  transient  spectroscopy  (DLTS),  we  show  that  the  electronic  properties  and  concentrations  of 
defects  created  in  n-GaAs  during  dry  etching  depend  on  the  type  of  etchant  (He,  Ar  and  SiCD  and  etch  conditions 
(plasma  pressure  and  deposition  power),  respectively. 

In  low  energy  (1-5  keV)  He-ion  bombarded  GaAs  we  observed  five  prominent  electron  traps,  EHel  -  EHe5. 
Whereas  EHel  (El  ^)  and  EHe2  (E2^)  are  two  charge  states  of  EHe4  (E3  )  is  related  to  -  Asj  close 
pairs.  Some  of  the  defects  introduced  during  Ar  ion-etching  [e.g,  EAr2  (E2)]  were  similar  to  defects  formed  by 
He  ion  bombardment.  We  could,  however  not  detect  the  El  charge  state  of  in  Ar-etched  GaAs,  probably  due 
to  stress  fields  caused  by  extended  defects  which  prohibit  its  filling.  The  set  of  defects  introduced  during  SiCL 
reactive  ion  etching,  ERl  -  ER6,  is  interestingly  different  from  those  introduced  by  He  and  Ar.  We  could  not 
detect  any  V^s-related  defects  (El  -  E3)  after  in  SiCl4  etched  GaAs.  Only  one  common  defect  is  introduced  by 
He,  Ar  and  SiCl4  processing  (EHe3  =  EAr3  =  ER3).  This  defect  has  the  same  electronic  and  metastable  properties 
as  Ea3  created  by  high  energy  a-particle  irradiation."^  It  can  be  reversibly  removed  by  hole  injection  at  100  - 
120  K  and  re-introduced  by  annealmg  above  200  K.  ER3  is  the  main  defect  created  by  SiCl4  etching  where  its 
concentration  approaches  10^^  cm'^  at  the  surface  and  decreases  sharply  into  the  GaAs, 

The  properties  of  Schottky  barrier  diodes  (SBDs)  fabricated  on  He  and  Ar  ion  processed  surfaces  are  all  poor. 
Compared  to  SBDs  on  unetched  surfaces,  they  show  lower  barrier  heights  and  large  generation-recombination 
currents  due  to  the  high  degree  of  etch-induced  surface  and  sub-surface  disorder.  In  contrast,  despite  the  high 
surface  concentration  of  some  defects  (e.g.  ER3),  SBDs  on  fabricated  SiCU  etched  surfaces  have  excellent 
properties  -  in  some  cases  at  least  as  good  as  SBDs  on  unetched  surfaces.  We  ascribe  the  different  defects 
introduced  by  He,  Ar  and  SiCl4  processing  and  the  different  behaviour  of  SBDs  fabricated  on  surfaces  processed 
with  these  etchants  to  the  different  etch  rates  and  etch  mechanisms.  Whereas  SiCl4  etching  occurs  rapidly  via 
chemical  reactions  and  desorption,  Ar  ion  etching  proceeds  much  slower  via  sputtering,  while  the  sputter  yield 
of  He  is  almost  negligible. 

[1]  D.  Pons  and  J.  C.  Bourgoin,  J.  Phys.  C  18,  3839  (1985). 

[2]  F.  D.  Auret,  R.  M.  Erasmus,  S.  A.  Goodman  and  W.  E.  Meyer,  Phys.  Rev.  B  51,  17  521  (1995), 
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GaAs  layers  have  been  grown  by  molecular  beam  epitaxy  in  the  range  150-400  K.  These  layers  have  been 
characterized  by  admittance  spectroscopy,  i.e.  by  measuring  the  admittance,  the  conductance  (real  part  of  the 
admittance)  and  the  susceptance  (imaginary  part),  versus  frequency  in  the  range  5  Hz  -  13  MHz,  at  various 
temperatures.  We  find  that  the  conductance  is  frequency  independent  and  varies  with  temperature  in  a  way 
which  demonstrates  that  it  must  be  ascribed  to  band  conduction  with  electrons  thermally  ionized  from  a  band  of 
deep  defects.  The  ionization  energy  increases  with  the  growth  temperature,  and  with  annealing  temperature,  as 
the  width  of  the  defect  band  decreases,  showing  that  the  defects  involved  are  the  EL2  ones.  The  susceptance 
varies  linearly  with  frequency  and  is  temperature  independent.  Because  the  admittance  presents  a  minimum  at  a 
frequency  which  is  directly  related  to  the  d.c.  conductance,  we  interpret  this  susceptance  behaviour  as  due  to 
electron  transport  via  a  percolation  regime.  This  percolation  is  characterized  by  a  dimensional  factor  that 
corresponds  to  the  average  distance  between  As  precipitates.  Consequently,  we  understand  the  admittance 
characteristics  in  terms  of  percolation  induced  by  insulating  regions  developed  around  As  precipitates,  as  a 
result  of  the  existence  of  capacitances  induced  by  space  charge  regions  due  to  the  metallic  character  of  these 
precipitates. 
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Both  Raman  spectroscopy,  RS,  and  Rutherford  back  scattering  ion  channeling,  RBS,  have  been  used  extensively 
to  monitor  overall  changes  in  microstructure  of  implanted  semiconductors.  However,  an  analysis  which  would 
provide  a  direct  quantitative  comparison  between  two  methods  is  still  lacking. 

In  this  study,  GaAs  monocrystals  were  implanted  with  '^^Si"^  ions  in  a  wide  range  of  ion  doses,  dose  rates,  and 
implant  temperatures  and  analyzed  with  RS  and  RBS.  All  RS  spectra  were  deconvoluted  in  the  same,  consistent, 
and  novel  way,  such  that  the  change  in  a  low  frequency  peak,  (usually  interpreted  as  a  background  and  ignored) 
was  also  taken  into  account.  An  excellent  fit  was  obtained  for  all  RS  spectra.  For  a  quantitative  disorder  assessment 
the  LO  phonon  peak  was  analyzed  within  the  ‘spatial  correlation’,  SP,  model  in  which  it  is  assumed  that 
implantation  induced  defects  partition  the  crystal  into  regions  of  finite  size  L  in  which  order  and  translational 
symmetry  has  been  preserved.  The  correlation  length  Lrs  is  then  obtained  as  a  fitting  parameter  in  the  expression 
for  RS  intensity. 

To  obtain  a  quantitative  estimate  of  the  amorphization  process  we  have  postulated  inter  cascade  distance,  ICD, 
model  which  estimates  the  average  distance,  Licd»  between  implantation  induced  cascades  as  a  function  of  ion 
dose.  The  model  also  allows  for  the  overlap  of  different  cascades  for  higher  doses. 

Disorder  was  monitored  in  RBS  as  a  damage  fraction,  fRBS’  defined  as  a  volume  fraction  of  disordered  atoms  in 
implanted  layer.  By  combining  the  ICD  model  with  the  Morehead-Crowder  model,  in  which  fRBS  corresponds 
to  the  fraction  of  damaged  area,  an  independent  estimate  of  the  undamaged  regions  size,  Lrbs,  can  be  obtained 
from  RBS  experimental  data. 

A  very  good  agreement  was  found  when  the  results  of  all  three  approaches  were  compared:  the  Ljcd  calculated 
from  the  ICD  model,  correlation  length  Lrs  determined  from  the  LO  fit,  and  Lrbs>  determined  from  RBS  data. 
This  enabled  a  straightforward  comparison  of  relevant  signals  and  a  direct  quantitative  correlation  between  RS 
and  RBS.  While  measure  of  disorder  in  RBS,  fRBS,  reflects  the  disordered  volume  fraction  of  the  implanted 
layer,  RS  measures  simultaneously  the  lowering  of  the  translational  symmetry  (an  effect  important  at  low  doses) 
and  a  fraction  of  disordered  volume  (prevailing  at  higher  doses).  A  considerable  differences  in  sensitivity  of  two 
methods  to  particular  defects  were  used  to  differentiate  several  types  of  implantation  induced  disorder:  a)  line 
and/or  planar  defects  which  primarily  reduce  crystal  translational  symmetry  (present  at  low  doses  and  in  annealed 
samples  as  residual  extended  defects);  b)  micro-  and  nanometric-size  crystallites  having  the  virgin  wafer 
orientation;  c)  polycrystallites  of  other  orientations  resulting  from  post-implant  recrystalization  d)  clusters  of 
interstitials  and  other  small  volume  defects;  e)amorphous  phase,  being  a  continuos  random  network  of  atoms; 
and  0  second  amorphous  phase  characterized  with  a  boson  peak  in  Raman  spectrum. 
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EVIDENCE  FOR  THE  PRESENCE  OF  DIFFERENT  MODIFICATIONS 
OF  COMPLEXES  RESPONSIBLE  FOR  THE  1.2  EV 
PHOTOLUMINESCENCE  BAND  IN  GaAsrTe 
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In  this  work,  we  demonstrate  that  the  broad  1 .2  eV  photoluminescence  (PL)  band  in  GaAs:Te  associated  with 
the  VgqT^^As  complexes  is  formed  by  several  modifications  of  the  complex.  The  PL  bands  related  to  different 
modifications  are  unresolved  because  of  their  close  positions  and  substantial  widths.  However,  some  experimental 
results  testify  that  there  are  at  least  two  types  of  detects  responsible  for  the  PL  band  under  study.  One  of  them  is 
market  by  reorientation  of  the  Jahn-Teller  distortions  in  the  groung  state  of  the  complexes  and  by  their  alignment 
under  uniaxial  pressure  even  at  very  low  temperature.  In  detects  of  the  second  type,  the  distortions  are  fixed  and 
cannot  be  aligned  by  uniaxial  pressure. 

This  conclusion  has  been  made  from  analysis  of  the  low-temperature  behavior  of  the  1 .2  eV  band  at  interband 
excitation  under  uniaxial  pressure  and  from  comparison  of  this  behavior  with  the  results  of  investigation  of  the 
induce  polarization  of  the  PL  at  resonant  polarized  excitation.  It  is  based  mainly  on  the  following  experimental 
evidence. 

1 .  A  “jump”  of  polarization  of  the  1 .2  eV  PL  band  due  to  alignment  of  the  defect  distortions 
under  uniaxial  pressure  at  low  temperature  is  different  for  different  samples. 

2.  The  value  of  this  “jump”  is  varied  through  the  spectrum  of  the  PL. 

3.  The  polarization  of  the  PL  at  resonant  polarized  excitation  at  low  temperature  was  the  same 
for  all  investigated  samples  and  its  value  is  inconsistent  with  the  values  of  “jump”  derived 
from  the  uniaxial  stress  study. 

We  suppose  that  the  defect  with  reorientable  distortions  is  the  usual  Vca^^As  complex  and  the  defects  with  the 
fixed  distortions  are  associates  of  this  complex  with  some  other  defects. 
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LITHIUM  IN  GaAs 
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The  determination  of  the  intrinsic  diffusivity  of  reactive  impurities  is  complicated  by  the  trapping  mechanisms 
commonly  involved.  One  such  reactive  species  is  interstitial  Li  in  GaAs  which  is  positively  charged  and  shows 
affinity  to  other  impurities  and  native  defects.  In  order  to  derive  the  intrinsic  diffusion  coefficient  of  Li  in  GaAs, 
we  employed  sequential  annealing  and  space-charge  profiling  measurements  on  Zn-doped  material  with  a  low 
Li-concentration.  This  system  exhibits  a  particularly  weak  pairing  interaction.  A  kinetic  model  for  trap-limited 
diffusion  was  used  to  calculate  the  intrinsic  diffusivity,  yielding  values  of  in  the  temperature  range  280-330 
K.  The  migration  energy  for  lithium  in  GaAs  was  determined  to  be  £^=0.67  eV  which  agrees  with  commonly 
observed  values  for  interstitial  diffusion.  The  diffusion  behaviour  was  compared  to  that  of  Li  in  heavily  doped 
material  where  the  migration  is  governed  by  an  activation  energy  of  1 .2  eV  which  agrees  with  the  lowest  complex 
dissociation  energy  measured  in  the  material.  The  value  of  the  Li  diffusion  coeffiecient  tabulated  in  the  literature 
was  derived  from  measurements  on  similar  material  [1],  yielding  a  value  of  £^=1.0  eV  in  high-temperature 
measurements.  The  presence  of  a  trapping  process  was  recognized  but,  nevertheless,  no  detailed  measurement 
of  the  intrinsic  diffusivity  of  Li  in  GaAs  has  been  provided  until  now.  The  previously  measured  value  is  easily 
accounted  for  within  the  model  of  trap-limited  diffusion. 

[  1  ]  C  S  Fuller  and  K  B  Wolfstim  1 962  J.  Appi  Phys.  33  2507 
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The  quality  of  semi-insulating  (SI)  GaAs  substrate  material  is  strongly  influenced  by  thermal  treatments.  For 
substrate  improvements  the  knowledge  of  defects  present  and  their  electrical  and  ogtical  properties  is  fundamental. 
Heat  treatments  of  semi-insulating  (SI)  GaAs  near  the  melting  point ,  i.e.  1200  C  for  16  hours,  followed  by  a 
rapid  quench  to  room  temperature  destroy  almost  all  of  the  EL2  defects  that  were  found  in  the  as-grown  material 
[1].  This  type  of  GaAs  material  is  called  inverted  thermal  annealed  (ITC)  GaAs  because  of  the  fact  that  this  heat 
treatments  change  the  conductivity  type  from  n-type  SI  to  sligthly  p-type. 

In  this  work  we  report  on  correlation  experiments  made  by  positron  annihilation  spectroscopy  (PAS),  conventional 
electron  paramagnetic  resonance  (EPR)  and  optically  detected  magnetic  resonance  (ODMR)  via  the  magnetic 
circular  dichroism  of  the  optical  absorption  (MCDA).  In  the  positron  annihilation  experiments  signals  due  to  a 
new  negative  charged  vacancy-related  defect  and  negative  ion-type  defects  were  detected.  From  Hall  experimen|s 
it  was  known  that  the  samples  were  sligthly  p-type  at  room  temperature  (pError!  Bookmark  not  defined.  10^  ^ 
cm'*)  after  annealing  at  1200  C  for  16h  and  rapid  quench  to  room  temperate.  In  optically  detected  electron 
paramagnetic  resonance  studies  signals  due  to  at  least  three  different  defects  were  observed  [2].  Conventional 
EPR  showed  strong  signals  due  to  the  so-called  BEl  defect  [3],  Correlation  experiments  have  been  done  under 
illumination  on  the  same  samples  by  both  methods:  the  positron  lifetime  and  ODMR.  Different  defect  models 
will  be  discussed  to  explain  the  results  of  both  studies  and  to  explain  the  resistivity  change  from  n-type  SI  to  p-type. 

[1]  J.  Lagowski,  H.  C.  Gatos,  C.  H.  Kang,  M.  Skowronski,  K.  Y.  Ko  and  D.G.  Lin,  Appl.  Phys.  Lett.,  49,  892 
(1986). 

[2]  M.  Jordan,  T.  Hangleiter  and  J.-M.  Spaeth,  Semicond.  Sci.  Technol.,  7,  725  (1992). 

[3]  E.  R.  Weber  and  P.  Omling,  Festkdrperprobleme,  Advances  in  Solid  State  Physics  XXV,  Vieweg,  623  (1985). 
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We  have  studied  the  metastability  of  the  anti-structure  (arsenic-antisite — gallium-antisite)  pair  in  GaAs  using 
self-consistent,  parameter-free  total  energy  methods  [1],  Our  calculations  predict  that  this  defect  complex  exhibits 
metastability  similar  to  that  of  the  isolated  arsenic-antisite.  However,  the  anti-structure  pair  has  ionization  levels 
in  the  band  gap  in  the  metastable  configuration,  unlike  the  isolated  arsenic-antisite.  The  ionization  levels  enable 
absorption  of  infrared  light  in  the  metastable  state.  The  results  are  used  to  discuss  and  interpret  the  arsenic- 
antisite-type  defects  observed  experimentally  in  electron-irradiated  GaAs  [2,3]. 

[1  ]  S.  Poykko,  M.  J.  Puska,  and  R,  M.  Nieminen  1 997  Phys.  Rev.  B  55. 

[2]  K.  Krambrock  and  J.-M.  Spaeth  1993  Phys.  Rev.  B  47,  3987. 

[3]  K,  Saarinen,  S.  Kuisma,  J.  Makinen,  P.  Hautojarvi,  M.  Tdmqvist  and  C.  Corbel,  1995  Phys.  Rev.  S  51,  14  152. 
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MICROSCOPIC  NATURE  AND  OPTIC AL  PROPERTIES  OF 
METASTABLE  DEFECTS  IN  ELECTRON-IRRADIATED  GaAs 
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Introduction  of  As  antisite  defects  in  electron  irradiation  of  GaAs  has  been  often  reported.  However,  most 
infrared  absorption  studies  on  this  defect  have  revealed  only  minor  metastable  effects  which  have  often  been 
related  to  the  native  EL2  defect  remaining  in  the  sample  after  irradiation.  The  detection  of  irradiation-induced 
EL2-like  metastable  defects  has  been  reported  in  some  electron-paramagnetic-resonance  (EPR)  and  magnetic- 
circular-dichroism  of  absorption  (MCDA)  experiments  [1  ].  However,  no  structural  information  on  the  metastable 
states  of  the  irradiation-induced  defects  have  been  obtained  in  these  experiments. 

Systematic  correlation  of  infrared  absorption  and  positron  annihilation  experiments  allows  us  to  identify  two 
metastable  defects  in  electron-irradiated  GaAs.  The  first  one  is  present  already  in  as-grown  material,  and  it  can 
be  identified  as  the  native  EL2  defect  by  its  photoquenching  and  subsequent  thermal  annealing  properties.  The 
second  one  is  introduced  by  irradiation  at  300  K,  and  it  disappears  in  thermal  annealing  at  520  K.  Its  metastable 
state  is  optically  active,  anneals  at  70  K  and  exhibits  optical  recovery  at  25  K,  Positron  experiments  indicate  that 
both  these  defects  have  a  vacancy  in  their  metastable  state,  in  good  agreement  with  the  vacancy-interstitial 
model  of  the  As  antisite  defect.  Therefore,  the  native  defect  is  attributed  to  an  As  antisite  and  the  irradiation- 
induced  one  to  an  As  antisite  complex.  The  metastable  state  of  the  Asq^  complex  can^be  generated  withl.075- 
eV  photons  and  recovered  with  1. 35-eV  photons  with  optical  cross  sections  of  2oo  10  cm  and5«>l0  cm, 
respectively.  The  metastable  state  of  the  AsQa  complex  absorbs  0.7  -  1 .2  eV  photons,  indicating  that  it  has 
ionization  levels  in  the  band  gap. 

[I]  K.  Krambrock,  J.-M.  Spaeth,  C.  Delerue,  G.  Allan,  and  M.  Lannoo,  Phys.  Rev.  B  45,  1481  (1992);  M.  Hesse, 

F.  K.  Koschnick,  K.  Krambrock,  and  J.-M.  Spaeth,  Solid  State  Commun.  92,  207  (1994). 
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The  photoluminescence  (PL)  properties  of  heavily  doped  GaAsiMn  layers  grown  by  liquid  phase  epitaxy  from 
bismuth  melt  have  been  studied.  A  new  PL  band  strongly  overlapped  with  the  conduction  band-to-manganese 
acceptor  band  (e,Mn)  was  found.  Its  shape  is  Gaussian,  the  halfwidth  is  more  then  100  meV  and  increased  with 
temperature  rised.  Peak  position  of  the  new  band  shifts  downwards  with  temperature  slower  than  the  band  gap 
of  the  GaAs.  These  feature  is  typical  for  a  band  attributed  to  a  center  with  a  strong  electron-lattice  coupling.  An 
ionization  energy  of  this  new  manganese-related  center  was  determined  and  one  equal  to  41  meV.  Surprisingly, 
in  spite  of  the  sufficiently  lower  ionization  energy  of  the  new  center  in  comparison  with  ionization  energy  of  the 
manganese  acceptor  center  (1 10  meV)  the  new  band  was  temperature  quenched  at  higher  temperatures  than  the 
(e,Mn)  band.  We  have  shown  that  this  phenomenon  is  due  to  essential  difference  in  the  carrier  capture  coefficients 
at  new  center  compared  with  carrir  capture  coefficients  at  manganese  acceptor  center. 

Moreover,  a  sharp  decrease  of  the  low-temperature  PL  intensity  with  manganese  doping  was  observed  evidence 
in  the  creation  of  a  nonradiative  manganese-relative  center. 

It  have  been  determined  that  the  concentration  of  the  both  new  manganese-related  centers  increased  steeper  than 
the  concentration  of  the  manganese  substitutional  acceptor 
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Many  kinds  of  the  anomalous  capacitance  and  current  transient  have  recently  been  discovered  in  GaAs.  The 
theory  [1-3]  developed  for  a  nTC  p  junction  with  one  deep  level  has  given  us  insight  into  the  “space  charge” 
nature  of  these  phenomena.  In  the  paper  we  outline  our  previous  results  and  present  new  ones.  The  appreciable 
shift  of  the  both  of  space-charge  region  (SCR)  boundaries  takes  place  during  transient  in  such  a  junction  provided 

that  n  is  not  of  a  high  value.  The  capacitance  of  the  TC  layer  itself  is  independent  of  the  SCR  boundary  location. 

As  result,  the  large  capacitance  change,  though  of  an  anomalous  sign,  arises  due  to  detrapping  in  71  layer.  (So 
capacitance  spectroscopy  may  be  effective  to  study  an  overcompensated  material.)  The  capacitance  transient  is 
nonmonotonous  and  the  DLTS  spectrum  is  accordingly  multi-peaked  one.  The  anomalous  current  rise  may 

occur  due  to  electric  field  reversal  in  the  71  layer.  One  of  peculiarities  is  that  the  peak  of  the  TSC  (Thermally 
Stimulated  Current)  may  appear  when  the  SCR  boundary  crosses  a  TCp  interface.  The  peak  is  attended  with  the 

TSCAP  (Thermally  Stimulated  Capacitance)  peak  at  the  same  temperature.  The  high  resistivity  of  the  K  layer 
facilitates  this  mechanism  to  operate  [3].  The  solution  of  the  problem  for  the  case  of  the  depth-dependent  resistivity 
has  shown  that  the  interposition  of  the  both  of  peaks  and  the  number  of  TSC  peaks  are  affected  by  this  factor. 
Experimental  data  obtained  on  GaAs  and  AIGaAs  doped  with  Cror  Fe  are  in  a  good  agreement  with  the  theory. 

[  1  ]  N  A  Urmanov  1 992  Phys.  Semicond  26  9 1 7 

[2]  N  A  Urmanov  1992  Sov.  Phys.  Semicond  26  939 

[3]  N  A  Urmanov  1995  Semiconductors  29  1071  oraI3,9 
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It  is  known  that  in  semiinsulating  GaAs  after  implantation  of  the  halogen  Br  and  annealing  at  1123  K  a 
uniform  electric  quadrupole  interaction  (vq=299(2)MHz)  is  observed  by  means  of  the  Perturbed  Angular 
Correlation  technique  [1]  .  At  low  Br  concentrations  100%  of  the  probes  are  found  in  this  defect  configuration, 
producing  an  axially  symmetric  electric  field  gradient,  whose  principal  component  Wzz  is  oriented  in 
langlel  1  Irangle— direction.  In  order  to  explain  this  behaviour  of  the  Br  impurity  in  GaAs  we  proposed  a  model 
which  is  based  on  the  assumption  that  Br  is  dissolved  on  the  group  V  site  in  III-V  semiconductors.  According  to 
theoretical  calculations  [2],  the  isolated  substitutional  double  donor  BrAs  should  then  form  a  relaxed  configuration. 
In  this  so  called  Vacancy — Interstitial  model,  a  neighbouring  Ga  atom  is  displaced  along  the  langlel  1 1  rangle — 
crystal  axis,  thus  destroying  the  cubic  symmetry  around  the  Br  probe,  which  remains  on  the  As  site. 

To  verify  the  assumption  that  the  Br  impurity  in  the  defect  complex  remains |ubstitutionally  on  the  As  site  in 
GaAs,  the  emission  channeling  technique  was  applied.  The  electron  emitter  Br(  Kr)  was  used  as  a  probe 
nucleus  for  emission  channeling  experiments  for  the  first  time.  After  a  30  keV  implantation  and  subsequent 
annealing  under  conditions  identical  to  the  PAC  experiment,  angle  dependent  channeling  spectra  were  recorded 
around  the  langle  1  OOrangle— and  the  langle  1 1  Orangle— crystal  axis.  In  both  directions  a  channeling  effect  (flux 
peak)  was  observed,  as  expected  for  a  substitutional  lattice  site  occupation  of  the  emitters.  A  quantitative  analysis 
of  the  data,  assuming  a  depth  distribution  of  the  emitters  according  to  simulations  with  the  TYansport  of  Ions 
inMatter  TRIM — programme  [3]  yielded  a  substitutional  fraction  of  65±10%  of  the  implanted  Br. 

However,  recent  Secondary  Jon  MassSpectroscopy  (SIMS)  measurements  of  stable  Br  implanted  into  GaAs 
showed  a  significant  broadening  of  the  implantation  profile  after  the  annealing  process.  The  recalculation  of  the 
theoretical  channeling  effect  taking  into  accout  the  SIMS — data  is  currently  in  progress  and  is  expected  to  result 
in  an  increase  of  the  substitutional  fraction  of  Br  emitters  deduced  from  the  channeling  experiment. 

The  measurements  therefore  support  the  above  mentioned  theoretical  calculations  describing  the  behaviour  of 
substitutional  double  donors  in  III-V  compound  semiconductors. 

[1]  M.  Wehner,  P.  Friedsam,  R.  Vianden,  S.  G.  Jahn,  D.  Forkel— Wirth,  1995  Mat,  ScL  For.  196—201  1419 

[2]  J.  Dabrowski,  M.  Scheffler,  1992  Mat.  Sci.  For.  83 — 87  735 

[3]  J.  Biersack,  L.  G.  Haggmark,  1980  Nucl.  Instr.  Meth.  174  257 
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SILICON  DONOR  -  GALLIUM  VACANCY  COMPLEXES  IN  LOW 
TEMPERATURE  GROWN  GaAs. 
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Gallium  arsenide  grown  by  molecular  beam  epitaxy  at  low  temperature  (LT  GaAs)  has  attracted  much  attention 
during  the  last  few  years  [1,2].  The  major  feature  of  this  material  is  a  large  number  of  point  defects  related  to  a 
high  arsenic  excess.  The  most  important  among  them  are  arsenic  antisite  defects,  which  form  well  known  deep 
levels  close  to  middle  of  the  band  gap.  Typical  concentration  of  the  AsQ^-related  donors  in  as-grown  LT  GaAs 
is  as  high  as  10"^^  cm  While  the  nature  of  dominant  donors  in  LT  GaAs  is  well  understood,  the  nature  of 
compensating  acceptors  still  remains  under  discussion.  A  probable  candidate  for  this  role  is  gallium  vacancy  [3]. 

In  this  paper  we  report  the  results  of  photoluminescence  study  of  VG^-related  complexes  in  silicon  doped  LT 
GaAs. 

The  LT  GaAs  films  were  grown  by  molecular  beam  epitaxy  at  200°C.  The  films  were  doped  with  Si  or  with 
Si-i-In.  The  as-grown  samples  were  divided  into  several  parts.  One  part  was  kept  as-grown,  the  others  were 
annealed  at  various  temperatures.  Electron  probe  microanalysis,  x-ray  diffraction,  and  near  infrared  optical 
absorption  were  applied  for  evaluation  of  excess  As  and  antisite  defect  concentrations.  The  photoluminescence 
(PL)  spectra  were  recorded  at  4.2  K  in  the  spectral  region  of  800-1200  nm. 

No  evidence  for  gallium  vacancy  related  complexes  was  found  in  as-grown  samples.  However,  PL  line  at  -1.2 
eV  was  revealed  in  the  spectra  of  annealed  samples.  This  line  is  usually  attributed  to  Vca-Sioa  complex  [4].  The 
intensity  of  this  line  was  found  to  increase  with  increasing  annealing  temperature.  It  was  also  higher  in  In-free 
sample  than  in  In-doped  one. 

The  data  obtained  are  discussed  in  terms  of  diffusion  of  gallium  vacancies  from  the  surface  into  the  bulk  during 
the  annealing  procedure.  This  process  plays  a  key  role  in  precipitation  of  excess  arsenic  in  LT  GaAs. 

The  work  was  supported  by  Russian  Research  Program  «Physics  of  Solid  State  Nanostructures »  and  by  Russian 
Foundation  for  Basic  Research. 

[1]  M.  Kaminska,  Z.  Liliental-Weber,  et  al.  Appl.Phys.Lett.  54,  1831  (1989). 

[2]  N.A.  Bert,  A.I.  Veinger,  et  al.  Phys.Solid  State  35,  1289  (1993). 

[3]  A.  Prasad,  X.Liu,  et  al.  Proc.  of  ICDS-18,  Sendai,  Japan,  1995,  p.l89. 

[4]  A.A.Gutkin,  N.S.Averkiev,  M.A.Reshchikov,  and  V.E.Sedov.  Proc.  of  ICDS-18,  Sendai,  Japan,  1995,  p.231. 
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A  series  of  experiments  on  the  states  and  transitions  of  muonium  (Mu)  in  GaAs  carried  out  over  the  last  few 
years  have  provided  a  great  deal  of  information  on  the  analogous  isolated  hydrogen  defects.  The  physical  and 
electronic  structure  of  Mu^bc  been  known  for  some  time.  We  have  recently  determined  the  structure  and 
diffusional  dynamics  for  the  Mu  '  center[l];  it  resides  at  a  tetrahedral  interstice  (T-site)  with  Ga  neighbours 
(TGa)»  stabilized  by  slightly — ionic  bonding  and  inward  relaxation  of  the  Ga  atoms.  Above  500K  Mu  migrates 
among  Toa  sites  with  an  activation  energy  of  0.68  eV  but  is  orders  of  magnitude  less  mobile  than  Mu  j.  In 
contrast.  Mu  should  reside  near  a  bond  center  (BC),  although  that  is  not  yet  experimentally  verified.  In  p-type 
samples  Mu  ^  begins  to  move  near  200K  and  finds  a  second  stationary  site  near  400K,  again  becoming  mobile 
above  600K.  Evidence  from  weakly  n-type  GaAs  suggests  that  Mu  is  stable  in  a  T-site  (rather  than  at  the  BC 
location  as  for  Si)  with  a  BC— >T  site  change  near  200K.  We  observe  rapid  high — temperature  Mu  charge-state 
cycles  in  both  heavily — and  lightly — doped  n-type  samples.  At  high  gonor  concentrations  Mu^  acts  as  an 
electron — hole  recombination  center  above  750K  where  a  Mu  j  4-^Mu  j  cycle  occurs  via  alternating  h  and 
e  ’  capture.  In  weakly  n-type  and  semi-insulating  samples  a  Mu  \  f-»Mu  ^bc  electron  loss/capture  cycle  begins 
near  550K  with  an  activation  energy  of  0.45eV  for  the  logs  step.  The  Mu  charge — cycle  results  and  individual 
state  mobilities  imply  that  diffusion  is  dominated  by  Mu  j  even  when  it  is  not  the  expected  equilibrium  state. 
Similar  charge  cycles  and  diffusion  processes  can  be  expected  for  H  in  GaAs. 

[1]  KH  Chow,  et  al.  1995  Phys.  Rev.  B  51  14762;  1996  Phys.  Rev.  Lett.  76  3690. 
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SPECTROSCOPIC  INVESTIGATION  OF  NEUTRAL  NIOBIUM  IN  GaAs 
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The  knowledge  on  4d  transition  metal  impurities  in  III-V  semiconductors  is  scarce  compared  with  the  one  on  3d 
impurities.  A  sharp  photoluminescence  line  due  to  neutral  niobium  in  GaAs  has  already  been  reported  together 
with  its  behavior  under  external  magnetic  field.  In  this  work,  in  addition  to  photoluminescence,  absorption  and 
photoluminescence  excitation  spectroscopy  experiments  are  reported.  Experiments  under  uniaxial  stress  have 
also  been  performed. 

In  absorption,  only  the  sharp  line  at  6416.4  cm'*,  already  reported  from  photoluminescence  experiments,  is 
observed.  Photoluminescence  excitation  spectroscopy  of  this  line  reveals  a  broad  triply  peaked  band  around 

9000  cm'*.  Its  shape  is  characteristic  of  an  orbital  triplet  excited  state  coupled  to  X2  modes  of  vibration. 

Photoluminescence  and  absorption  experiments  show  a  slight  splitting  of  the  6416.4  cm  *  line  under  tetragonal 
uniaxial  stress  and  no  splitting  under  trigonal  stress.  More  surprising  is  the  very  strongly  non-linear  behavior 
under  a  tetragonal  stress.  The  most  plausible  explanation  is  that  a  hidden  level,  not  evidenced  directly,  interacts 
with  either  the  ground  or  the  excited  state  of  the  transition. 

We  propose  an  energy  level  scheme  which  explains  all  these  experimental  observations  together  with  the  Zeeman 
data  previously  reported. 
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SPECTROSCOPY  OF  NITROGEN-RELATED  CENTERS  IN  GaAs 
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The  investigation  of  light  impurities  in  GaAs  is  of  particular  interest  for  the  development  and  optimization  of 
crystal  growth  technology  as  well  as  for  the  physical  understanding  of  these  defects  itself.  Whereas  there  is  now 
a  considerable  amount  of  experimental  and  theoretical  work  available  concerning  C,  O  and  B  in  GaAs,  the 
phenomena  related  with  the  presence  of  nitrogen  in  this  material  are  widely  unknown. 

We  present  the  results  of  low-temperature  Fourier  transform  infrared  (FTIR)  absorption  spectroscopy  and 
radiofrequency  spark  source  mass  spectrometry  (SSMS)  studies  on  poly-  and  monocrystalline  GaAs  samples.  In 
particular,  spectroscopic  signatures  are  investigated  which  address  the  question  whether  nitrogen  is  introduced 
as  an  isoelectronical  substitutional  impurity,  in  molecular  form  or  complexed  with  other  impurities  such  as 
hydrogen.  Typical  concentration  ranges  are  given. 

High-pressure  synthesized  nominally  undoped  polycrystalline  samples  show  chemical  nitrogen  contents  up  to  3 
ppm  using  a  SSMS  relative  sensitivity  coefficient  of  1.  Maximum  concentrations  in  monocrystalline  liquid- 
encapsulated  Czochralski  (LEG)  samples  are  about  50  ppb.  In  nitrogen-rich  materials  strong  local  vibrational 
mode  (LVM)  absorption  at  47 1  cm'\l0  K)  is  observed  which  is  assigned  to  substitutionally  incorporated  N^s- 
Spectroscopic  evidence  at  2947  cm'^  is  found  in  some  samples  for  the  nitrogen-hydrogen  complex  [1].  LVM 
absorption  of  N^s  has  been  reported  previously  only  from  nitrogen-implanted  GaAs  [2]  and  from  epitaxial 
layers  grown  by  vapour  phase  epitaxy  under  NH3  partial  pressure  [3].  For  the  first  time,  the  LVM  line  is  detected 
with  a  quality  sufficient  for  the  evaluation  of  integrated  absorption  and  true  line  shape.  Results  are  compared 
with  other  substitutionally  bonded  light  impurities.  Based  on  SSMS  data  a  first  tentative  calibration  of  the 
oscillator  strength  is  given. 

[1  ]  W.-S.  Hahn,  B.  Clerjaud,  D.  Cte,  F.  Gendron,  C.  Porte,  W.  Ulrici,  D.  Wasik  and  W.  Wilkening,  Materials 
Science  Forum  143-147,  277  (1994). 

[2]  A.  H.  Kachare,  W.  G.  Spitzer,  A,  Kahan,  F.  K.  Euler  and  T.  A.  Whatley,  J.  Appl.Phys.  44,  4393  (1973) 

[3]  V.  Riede,  H.  Neumann,  H.  Sobotta,  R.  Schwabe,  W.  Seifert  and  S.  Schwetlick,  phys.  stat.  sol.  (a),  K  151 
(1986). 
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Infrared-absorption  spectroscopy  measurements  under  uniaxial  stress  have  shown  that  acceptor-hydrogen 
complexes  in  crystalline  GaAs  (c-GaAs)  have  a  trigonal  symmetry  and  activation  energies  for  reorientation  in 
the  range  of  0.2-0.5  eV[  1].  It  has  been  suggested  that  the  H  atom  is  bonded  primarily  to  one  nearest  neighbor  As 
in  the  case  of  Ga-site  acceptors  like  Beoa*  to  the  acceptor  atom,  instead,  in  the  case  of  As-site  acceptors  like 
SiAs[2].  It  is  quite  surprising,  therefore,  that  the  properties  under  stress  of  acceptor-H  complexes  are  independent 
of  the  acceptor  sublattice.  On  the  other  hand,  a  quite  low  value  (0.037  eV)  of  the  activation  energy  for  the 
reorientation  of  the  ZnQ^-H  complex  in  GaAs  has  been  recently  obtained  by  internal  friction  measurements.[3] 

In  the  present  study,  the  geometry,  the  chemical  bonding  and  the  energy  barrier  for  the  reorientation  of  the  SiAs" 
H  and  Znoa-H  complexes  in  crystalline  GaAs  have  been  investigated  by  first-principle  pseudopotential-  local- 
density -functional  methods  in  a  supercell  approach.  Present  results  show  that  both  complexes  are  characterized 
by  a  stable  configuration  with  the  H  atom  located  next  to  a  bond  centered  (BC)  site.  Moreover,  in  the  SiAs-H 
complex  the  H  atom  forms  a  SIas-H  bond  weakly  perturbed  by  the  Ga  neighbor,  while  in  the  ZnQ^-U  complex 
the  H  atom  is  primarily  bonded  to  the  nearest  As  atom,  thus  supporting  previous  suggestions  on  the  H  bonding. 
Despite  those  differences,  the  resulting  bonds  have  similar  dissociation  energies  and  H  stretching  frequencies. 
On  the  grounds  of  details  of  the  H  bonding,  those  similarities  are  likely  due  to  the  weak  perturbation  produced 
by  the  third  atom  in  the  complex.  The  activation  energies  for  the  reorientation  of  both  the  complexes  are  of  order 
0.2  eV,  thus  in  a  good  agreement  with  experimental  results  only  in  the  case  of  the  SIas-H  complex.  Because 
present  results  indicate  that  the  reorentation  kinetics  of  the  two  complexes  is  quite  similar  at  comparable 
temperatures,  we  suggest  that  two  different  regimes  occur  at  different  temperature  in  the  case  of  the  Zn^a-H 
complex,  as  reported  in  the  case  of  nitrogen  in  diamond [4].  In  particular,  a  tunneling  of  the  H  atom  could 
account  for  the  small  value  of  the  activation  energy  measured  at  low  temperature,  while  the  reorentation  of  the 
complex  should  be  characterized  by  thermally  activated  jumps  over  an  energy  barrier  of  about  0.2  eV  at  higher 
temperature, 

[1]  D.  M.  Kozuch  et  al.,  1993  Phys.  Rev.  B  48  8751. 

[2]  J.  Chevallier,  B.  Clerjaud,  and  R  Pajot,  1991  Hydrogen  in  Semiconductors  ed.  J.  Pankove  and  N.  M.  Johnson 
(Boston,  Academic),  p.  447. 

[3]  G.  Cannelli  et  al,  1996  Solid  State  Comm.  98  873. 

[4]  C.  A.  J.  Ammerlaan  and  E.  A.  Burgemeister,  1981  Phys.  Rev.  Lett.47  954. 
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Both  elemental  and  compound  semiconductor  samples  plastically  deformed  under  compression  were  investigated 
by  combined  transmission  electron  microscopy  and  positron-lifetime  spectroscopy.  Additionally,  annealing 
experiments  were  performed  to  identify  the  deformation-induced  defects.  The  decomposition  of  the  positron 
lifetime  spectra  gave  evidence  of  the  formation  of  vacancies,  divacancies  and  vacancy  clusters  during  deformation. 
Defect  concentrations  were  determined  for  different  deformation  temperatures,  strain  rates,  and  deformation 
directions.  The  defect  densities  are  distinctly  higher  for  multiple-slip  orientations.  The  mechanism  of  vacancy 
formation  and  clustering  as  a  function  of  the  deformation  temperature  could  be  related  to  dislocation  cutting  and 
the  dragging  of  jogs  along  screw  dislocations.  Temperature-dependent  positron  lifetime  measurements  in  GaAs 
samples  exhibited  the  formation  of  shallow  positron  traps  due  to  the  deformation.  Two  types  of  shallow  positron 
traps  were  identified  depending  on  the  deformation  conditions.  One  type  had  a  positron  binding  energy  of 
approximately  40  meV  and  was  related  to  a  GaAg  'anitsite  defect.  Another  shallow  trap  had  a  positron  binding 
energy  of  about  10  meV.  This  trap  was  attributed  to  the  undisturbed  dislocation  line,  which  behaves  as  in  metals 
as  a  shallow  positron  trap. 
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We  have  investigated  the  electronic  structure,  atomic  geometry  and  energetics  of  the  isolated  nitrogen  impurity 
(Noa)  and  the  complexes  Noa-H  and  NGa-H2*  in  GaAs.  Our  calculations  are  performed  using  density-functional 
theory  within  the  local  density  approximation  and  ab  initio  norm-conserving  pseudopotential. 

Our  results  for  N^oa  show  an  on-site  defect  with  two  deep  levels  in  the  gap.  where  the  lowest  one  corresponds 
to  a  doubly  occupied  ai  level.  As  others  anion-antisite-like  defects  in  GaAs,  we  observe  a  metastable  structure 
when  the  N  atom  is  displaced  from  the  substitutional  site  along  <  1 1 1  >  direction  by  ~  1 .0  A.  In  this  structure  the 
total  energy  increases  in  0.31  eV  with  respect  to  the  stable  structure  (on-site)  and  the  calculated  barrier  is  0.44 
eV.  For  the  N’^oa  system  we  found  a  large  off-center  displacement  along  <  111  >  direction.^where  the  total 
energy  is  0.5  eV  lower  than  that  of  the  on-site  position.  The  calculated  formation  energy,  with  N  ca  stable 
state,  show  that  substitutional  nitrogen  can  be  found  in  three  charge  states  (^,  -1  and  -2)  with  the  middle  one 
being  unstable,  having  an  U-negative  behavior.  At  the  metastable  state  of  N  Ga>  center  was  found  in  four 
charge  states  (from  -i-l  to  -2). 

The  minimum  energy  configuration  for  the  neutral  NGa-H2*  complex  has  the  H  atoms  occupying,  each  one,  a 
bond-center  position  of  the  Ngq^^s  bonds.  The  N-H  and  H-As  distance  are  1 .09  A  and  1 .96  A  respectivily,  for 
both  bond-center  configurations.  We  observed  that  the  al  defect  level  is  passivated,  while  the  t2  level,  occupied 
with  two  electrons,  is  located  near  the  valence  band  top.  The  minimum  energy  configuration  for  the  neutral 
Nge-H  complex  has  the  H  atom  in  an  off  bond-center  position  of  the  Nge-As  bond,  the  N-H  and  H-As  distance 
are  found  in  1 .08  A  and  2.01  A  respectivily.  We  also  observed  the  passivation  of  the  aj  level  but  the  t2  level  now 
appears  in  a  midgap  position. 
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Among  the  experimental  techniques  used  in  the  development  of  III- V  semiconductor  devices,  the  ion  implantation 
plays  a  major  role  for  establish  proper  n-  and  p-type  conductivity  on  an  initially  semi-insulating  (si)  material,  as 
for  Si  on  si  GaAs.  Also  ion  or  electron  bombardment  is  often  applied  to  convert  a  conductive  doped  layer  in  a 
highly  resistive  one.  The  electrical  isolation  obtained  in  this  way  is  of  relevance  to  enhance  the  electronic 
characteristics  of  semiconductor  devices,  e.g.,  the  reduction  of  the  backgating  effect  in  GaAs  integrated  circuits. 

Most  of  the  interesting  features  of  these  materials  are  assumed  to  be  related  with  deviations  from  the  ideal 
crystal  structure  that  can  appear  either  as  simple-defects  (vacancy,  antisite,  intertidal,  impurity)  or  as  complex- 
defects  (combination  of  simple-defects).  An  ab-initio  calculation  based  on  pseudo-potential  density-functional 
theory  is  used.  A  supercell  with  128  atoms  is  adopted  in  Car-Parrinello  scheme.  For  the  antistructure  pair  (As^a 
+  GaAs)»  front  the  total  energy  calculations,  a  first  donor,  a  first  acceptor,  and  a  second  acceptor  levels  are 
observed  and  a  comparison  is  made  with  earlier,  both  theoretical  and  experimental,  results.  Two  other  possible 
complex-defects  (V^s  +  AsQa  +  Ga,  and  VGa  +  GaAs  +  Asj)  are  discussed.  It  is  shown  that  the  first  one  presents 
a  metastable  configuration  and  the  second  one  is  unstable  presenting  a  spontaneous  recombination.  For  all 
complex-defects  the  formation  energies  and  charge  densities  are  discussed. 
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TRAPS  FOUND  IN  GaAs  MESFETS:  PROPERTIES  LOCATION  AND 

DETECTION 
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Key  Words:  traps,  GaAs  MESFETs,  DLTS,  noise,  dispersion,  semi-insulating  substrate 

Traps  located  within  semiconductor  devices  degrade  their  performance.  They  result  in  excess  noise  and  various 
transient  and  frequency  dependent  effects.  These  effects  occur  mainly  at  low  frequencies  but  also  affect  high 
frequency  devices  in  mixer  and  oscillator  applications.  They  also  have  important  effects  in  the  device  degradation 
processes  and  various  ‘sidegating’  and  ‘kink’  effects.  In  order  to  improve  devices  it  is  important  to  know  the 
properties  and  location  of  the  defects. 

A  systematic  study  has  been  made  of  the  defects  in  GaAs  MESFETs  over  a  temperature  range  77K-330K  under 
Ohmic  and  current  saturation  bias,  using  a  variety  of  techniques;  conductance  DLTS  with  gate  or  substrate 
excitation,  a  novel  transient  modelling  method  to  determine  the  trap  location,  mutual  conductance  dispersion, 
output  conductance  dispersion,  excess  noise  and  substrate  oscillations. 

A  total  of  nine  generally  occuring  traps  have  been  detected.  Their  properties  and  locations  will  be  described  and 
compared  with  values  found  in  the  literature.  The  values  found  by  the  different  methods  will  be  compared,  but 
in  general  there  is  no  systematic  difference. 

The  relative  sensitivity  of  the  different  techniques  will  be  discussed.  In  general  the  conductance  DLTS  method 
using  an  Ohmic  channel  is  easiest  to  operate  and  detects  most  traps.  The  reason  why  some  traps  are  not  detected 
by  some  methods  will  be  discussed. 

In  n-channel  devices  both  electron-like  and  hole-like  traps  are  found.  The  ‘type’  is  defined  by  the  sign  of  the 
DLTS  transient.  The  electron  traps  are  located  in  the  neutral  channel  and  produce  small  effects.  The  hole-like 
traps  are  usually  the  most  prominent  and  are  found  in  the  free  surface  (H2)  or  the  semiinsulating  substrate.  These 
traps  also  have  the  property  that  their  filling  and  emptying  times  are  (nearly)  equal.  The  location,  formation  and 
reason  for  the  activity  of  these  traps  will  be  discussed. 

Steps  or  ‘kinks’  are  found  in  the  current  saturation  region.  These  are  caused  by  trap  filling  by  hot  electrons  to 
give  a  change  in  the  pinch-off  voltage. 
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Space-charge  transient  spectroscopy  techniques  being  applied  to  heavily  compensated  or  overcompensated 
semieonductor  provide  good  possibilities  to  study  deep-level  centers  in  spite  of  the  anomalous  phenomena 
accompanying  transients  [1-3].  The  phenomena  include  multi-peaked  DLTS  and  Thermally  Stimulated 
Current(TSC)  spectra,  nonmonotonic  Thermally  Stimulated  Capacitance  (TSCAP)  line  etc.,  all  of  them  arising 
when  the  only  thermal  emission  process  is  operative.  Here  we  consider  a  spectroscopic  value  of  the  anomalies 
and  ways  how  to  distinguish  true  and  apparent  centers,  including  metastable  ones,  following  from  a  standard 
analysis.  We  present  the  theory  and  simulations  of  signal  forms  for  nix  pquad  hbox  and  quad  npp  structures.  The 
concentration  profiles  and  ratio  of  shallow  and  deep  centers,  N/Nt,  were  assumed  to  be  arbitrary  ones.  In  nix  p 
structure  the  first  (low-temperature)  TSC  peak  (T^i)  typically  arises  at  instant  the  space-charge  boundary  enters 
the  z  region  and  is  accompanied  by  a  TSCAP  peak  at  the  same  T,  if  n  is  not  of  a  high  value.  The  second  peak 
(Tm2) » if  any,  is  in  the  position  either  near  that  of  the  “ideal”  one  or  may  be  shifted  towards  a  higher  temperature. 
In  npp  structure,  two-peaked  spectra  are  produced  by  the  step-like  N^(x)  dependence, if  N/Nt«  I  in  the  outer  p 
layer  and  N/Nt>  1  in  the  inner  one.  The  inflection  point  (not  maximum)  of  the  TSCAP  line  corresponds  toT^i . 
Experiment  has  been  performed  on  the  LPE-grownGaAs.  Recipes  of  how  to  interpret  experiment  properly  and 
the  data  processing  scheme  are  presented. 

[  1  ]  N  A  Urmanov  1 992  Sov.  Phys.  Semicond  26  9 1 7 

[2]  N  A  Urmanov  and  M  V  Gafurova  1993  Semiconductors  T1  848 

[3]  N  A  Urmanov  1995  Semiconductors  29  1071 
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UNIAXIAL  STRESS  SYMMETRY  STUDIES  ON  THE  El,  E2  AND  E3 
IRRADIATION-INDUCED  DEFECTS  IN  GALLIUM  ARSENIDE 
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When  uniaxial  stress  is  applied  to  a  crystalline  solid,  the  atomic  arrangement  in  the  local  vicinities  of  lattice 
defects  can  be  distorted,  and  electronic  energy  levels  which  were  orientationally  degenerate  in  the  absence  of 
stress  may  become  non-degenerate.  Measurements  of  the  effects  of  uniaxial  stress,  applied  along  different  crystal 
directions,  upon  the  electronic  levels  of  the  defects  can  therefore  give  information  on  the  structural  symmetries 
of  the  defects  and  thus  on  their  identities.  We  present  results  here  from  what  we  believe  to  be  the  first  ever 
uniaxial  stress  investigations  on  irradiation-induced  defects  in  gallium  arsenide. 

In  this  work  we  have  investigated  the  effects  of  uniaxial  stresses  from  zero  to  0.4  GPa  on  the  10-250K  majority- 
carrier  deep  level  transient  spectra  of  epitaxial  n-GaAs  (in  the  form  of  Schottky  diodes)  before  and  after  irradiation 
by  1 .0  MeV  protons.  As  for  high  energy  electron  irradiation,  such  irradiation  creates  the  El ,  E2  and  E3  electron¬ 
trapping  levels,  which,  for  zero  applied  stress,  have  electron  ionisation  energies  to  the  conduction  band  of  about 
0.045, 0. 140  and  0.340  eV,  and  are  usually  believed  to  be  due  to  lattice  defects  arising  from  the  displacement  of 
arsenic  atoms.  We  find  that  for  each  of  these  three  defect  levels,  uniaxial  stress  applied  along  a  <100>  direction 
of  the  GaAs  causes  increase  but  no  broadening  of  the  DLTS-measured  electron  ionisation  energy,  but  that  <1 10> 
applied  stress  produces  both  broadening  of  the  DLTS  peak  and  increase  of  the  mean  ionisation  energy  of  the 
defect.  For  the  El  defect  the  effect  of  0.4  GPa  <1 10>  stress  is  to  produce  splitting  of  the  El  peak  into  two  clear 
peaks.  By  detailed  analysis  of  the  El,  E2  and  E3  DLTS  peak  shapes  we  deduce  that  <1 10>  stress  causes  splitting 
of  each  of  the  respective  electronic  levels  into  two  levels  of  equal  populations.  These  <100>  and  <n0>  uniaxial 
stress  data  strongly  suggest  that  the  El,  E2  and  E3  defects  each  has  C3v  crystallographic  symmetry,  ie  that  each 
has  a  structure  that  contains  a  single  <1 1 1>  symmetry  axis. 

For  the  E3  defect  the  data  are  consistent  with  the  proposal  in  other  work  that  this  defect  is  an  arsenic  Frenkel 
pair,  provided  that  the  interstitial-vacancy  direction  is  along  <  1 1 1  >.  However,  our  data  for  the  El  and  E2  defects 
do  not  support  the  identification  of  these  defects  as  simple  arsenic  vacancies  of  Td  symmetries  in  different 
charge  states. 


•  1 40  •  Programme  and  abstracts  book 


POSTER!  ‘42 


VACANCY  DETECTS  IN  LOW-TEMPERATURE-GROWN  GaAs 
OBSERVED  BY  POSITRON  ANNIHILATION 
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A  systematic  investigation  of  GaAs  layers  grown  at  low  temperatures  (LT-GaAs)  was  carried  out  by  means  of 
positron  annihilation.  The  vacancy  defects  in  undoped  as-grown  material  were  identified  to  be  mainly  Ga 
vacancies.  The  vacancy  concentration  increases  up  to  10'^  cm*^  with  decreasing  the  growth  temperature  to  200- 
C.  It  is  shown  that  the  estimated  concentrations  can  account  for  the  compensation  of  ASq^'^  antisites  as  previously 
assumed.  No  other  acceptor-like  defect  having  significant  concentrations  could  be  detected  by  temperature- 
dependent  positron  measurements.  Isochronal  annealing  up  to  600-  C  was  done  at  various  samples.  New  defects 
different  from  Ga  vacancies  are  formed  during  annealing.  These  defects  are  found  to  be  vacancy  clusters  or  As 
precipitates,  detected  by  TEM. 
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Intensity  of  rare  earth  (RE)  luminescence  in  sennwv.uouctors  depends,  among  other  factors,  upon  the  probability 
of  optical  transitions  within  the  4f-shell  of  RE  ions  and  upon  the  efficiency  of  energy  transfer  from  the  excited 
system  of  electrons  and  holes  to  RE  luminescence  centres.  It  was  suggested  in  the  literature  that  optical  activity 
of  Yb  in  III-V  compounds  must  be  related  to  its  substitutional  location  largely  due  to  covalency  effects  which 
relax  the  parity  selection  rule  and  make  parity  forbidden  dipole  transition  in  the  4f-shell  possible.  In  GaAs  the 
substitutional  fraction  of  Yb  (determined  by  Rutherford  back  scattering/channeling  technique)  was  found  to  be 
below  sensitivity  of  the  method,  which  was  thought  to  be  the  reason  for  very  weak  (if  any)  Yb  luminescence 
previously  reported  for  GaAs  doped  with  Yb  either  by  ion  implantation  or  during  epitaxial  growth. 

Due  to  high  chemical  activity  of  RE  elements  their  associations  with  other  dopants  are  quite  common.  In  the 
present  work  we  demonstrate  that  Yb  can  be  rendered  optically  active  in  GaAs  if  it  is  incorporated  in  some 
luminescence  complexes  which  enhance  the  optical  transition  probabilities  and/or  efficiency  of  energy  transfer 
from  electrons  and  holes  to  Yb  luminescence  centres.  The  Yb  doping  was  produced  either  in  the  process  of  MBE 
growth  or  by  ion  implantation.  It  has  been  found  that  co-doping  (by  ion  implantation)  with  group  IV  (Si)  or 
group  VI  (S,  Se,  Te)  and  oxygen  is  a  prerequisite  of  optical  activity  of  Yb  in  GaAs.  The  characteristic  f-f 
luminescence  of  Yb^^  is  emitted  by  three-component  complexes  (Yb+O-i-S/Se/Te/Si).  Formation  and  destruction 
of  Yb  related  centres  imply  complicated  reactions  between  their  components,  at  least  some  of  them  being  mobile 
at  the  post-implantation  annealing  temperatures  (500-700-  C).  These  reactions  in  MBE  grown  layers  were  found 
to  be  basically  the  same  as  those  in  the  bulk  material.  It  was  found  that  within  the  group  of  similar  centres 
(Yb+O+S/Se/Te)  the  optical  transition  energies  increase  and  the  energies  of  participating  phonons  decrease  with 
the  increase  of  (S/Se/Te)  coactivator  size  (mass).  Oxygen  seems  to  be  a  necessary  component  of  Yb  related 
centres  in  GaAs:  a  number  of  luminescence  due  to  associations  of  Yb  with  some  background  impurities  were 
found  only  in  the  case  of  combined  (Yb+O)  implantation.  The  crucial  role  of  oxygen  in  the  optical  activation  of 
Yb  is  possibly  due  to  its  participation  in  the  energy  transfer  process.  The  intensity  of  luminescence  of  (Yb+O-i-S) 
is  comparable  to  that  of  Yb  in  GaP  or  even  in  InP,  where  the  luminescence  is  attributed  to  isolated  subsitutional 
Yb^^  ions.  It  can  be  suggested  the  lattice  position  of  rare  earth  atoms  might  not  be  the  only  (and  even  not  the 
most  important)  factor  of  their  optical  activity  if  they  are  incorporated  in  some  complex  centres.  In  this  case  the 
relaxaion  of  parity  selection  rule  might  be  largely  due  to  symmetry  lowering  interaction  of  RE  ions  with  other 
components  of  the  complexes. 
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ACCEPTOR-HYDROGEN  INTERACTION  IN  InAs 


A.  Burchard.  J.G.  Correia*,  M.  Deicher,  D.  Forkel-Wirth*,  R.  Magerle,  A.  Prospero,  A,  Stotzler 

and  the  ISOLDE  Collaboration* 

Fakultat  fur  Physik,  Universitat  Konstanz,  D-78434  Konstanz,  Germany 
*CERN  /  PPE,  CH-121 1  Geneva  23,  Switzerland 

Key  words:  InAs,  hydrogen  passivation,  Cd  acceptors,  ion  implantation 

The  interaction  between  hydrogen  and  Cd  acceptors  in  InAs  was  studied  by  perturbed  angular  correlation  (PAC) 
spectroscopy.  From  earlier  PAC  experiments  it  is  already  known  [1],  that  Cd  acceptors  trap  hydrogen,  resulting 
in  two  different  complexes  (C427,  C577).  One  of  them  was  assigned  unambiguously  to  a  close  Cd-H  pair 
(C427)  oriented  in  <1 1 1>  direction.  The  second  configuration  (C577)  revealed  a  more  puzzling  behaviour  with 
regard  to  its  formation  and  microscopic  structure  and  its  identification  required  further  experiments. 

At  the  on-line  mass  separator  ISOLDE  samples  of  undoped,  LEC  grown  InAs  were  implanted  with  radioactive 
^  ^  ^"^Cd  ions  at  60  keV  and  a  dose  of  10^  ^  cm'^.  After  the  removal  of  the  implantation  induced  radiation  damage 
by  furnace  annealing  at  920  K  (600  s.,  As  overpressure)  low  energy  implantations  were  performed  at  295  K 
with  a  dose  of  3  •  10^"^  cm'^  and  energies  of  100  eV  and  1  keV,  respectively.  The  following  PAC  experiments 
gave  surprising  results:  besides  the  Cd-H  pair  and  complex  C577  a  third,  new  hydrogen  correlated  complex 
(C555)  was  observed.  The  characteristic  PAC  parameters  of  C555  (vq  =  555(2)  MHz,  t|  =  0.19(1))  are  very 
similar  to  those  of  C577  (vq  =  577(2),  r)  =  0.09(  1 )),  but  the  complexes  are  formed  under  different  H'*'  implantation 
conditions.  C555  appears  after  H"*^  implantation  with  an  energy  of  100  eV  while  C577  is  observed  after  H^ 
implantations  with  higher  energy  (E  =  1  keV).  None  of  the  three  complexes  are  observed  after  He^  implantation 
under  similar  conditions  proving  that  these  complexes  are  not  created  by  the  presence  of  implantation  induced 
lattice  defects  alone  and  hydrogen  has  to  be  involved. 

The  orientation  of  C555  and  C577  was  determined  by  varying  the  angle  between  the  lattice  directions  of  the 
single  crystal  and  the  detectors.  It  was  found,  that  both  complexes  are  not  oriented  in  <11 1>  but  in  <1 10>  lattice 
direction.  Recording  PAC  spectrum  at  room  temperature  within  increasing  time  intervals  clearly  show  a 
transformation  of  C555  and  C577  into  Cd-H  pairs  (C427). 

Our  present  results  prove  that  besides  Cd-H  pairs  two  more  hydrogen  correlated  complexes  are  formed.  They 
behave  very  similar  and  our  PAC  data  indicate  an  interpretation  in  terms  of  multi-hydrogen  complexes  (Cd-Hn) 
or  Cd-hydrogen  pairs  together  with  some  other  impurity  or  defect  (Cd-H-X).  Both  transform  into  Cd-H  pairs  at 
room  temperature. 

[1]  D.  Forkel-Wirth.,  N.  Achtziger,  A.  Burchard,  J.C.  Correia,  M.  Deicher,  J.  Grillenberger,  H.  Gottschalck,  T. 

Licht,  R.  Magerle,  U.  Reislohner,  M.  Riib,  M.  Toulemonde,  W.  Witthuhn  and  the  ISOLDE  Collaboration,  Mat. 
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Programme  and  abstracts  book  •143* 


POSTER!  -45 


LATTICE  PARAMETER  CHANGES  AND  DEFECT  REACTIONS  IN 
LOW  TEMPERATURE  ELECTRON  IRRADIATED  AlAs 


A.Gaber*  H.  Zillgen*,  R  Ehrhart*.  R  Partyka***,  and  R.  S.  Averback*** 

*  IFF,  Forschungszentrum  Julich  GmbH,  D-52425  Julich,  Germany 
**  Phys.Dept.  Assiut  Univ.  Assiut,  Egypt 
*  *  *  Frederick  Seitz  Mat.  Res.  Lab.,  University  of  Illinois,  Urbana,  IL  61 801 

Key  words:  AIAs,  Lattice  parameter,  point  defects,  e-irradiation 

X-ray  diffraction  was  employed  to  investigate  the  damage  accumulation  and  the  subsequent  thermally  activated 
annealing  reactions  in  AIAs  layers  on  GaAs  substrates.  Irradiations  were  performed  at  4.6K  with  2.5  MeV 
electrons  up  to  a  total  dose  of  2  10’9  electrons/cm2.  The  irradiation  induced  increase  of  the  lattice  parameter 
amounts  to  about  half  of  the  changes  observed  in  the  GaAs  substrates  and  yields  the  first  quantitative  results  on 
the  damage  production  in  AIAs.  There  is  no  major  annealing  observed  below  200K  and,  similar  to  GaAs,  there 
is  a  major  annealing  step  around  room  temperature,  a  rather  continuous  annealing  up  to  500K  and  a  final  recovery 
stage  between  TOOK  and  900K.  The  underlying  defect  reactions  are  discussed  in  comparison  to  the  detailed 
results  available  for  GaAsll  I  and  the  lattice  strain  in  the  AIAs  films  is  compared  to  the  observations  after  ion 
implantations/2/.  Finally  these  results  are  discussed  in  relation  to  the  different  models  for  the  explanation  of  the 
unique  resistance  of  AIAs  against  amorphization  under  ion  irradiation. 

[1]  A.Pillukat,  K.Karsten,  P.Ehrhart,  Phys.Rev.  B53  (1996)  7823 

[2]  P.Partyka,  R.S.Averback,  D.V.Forbes,  J.J.Coleman,  P.Ehrhart,  and  W.Jager,  Appl.Phys.Lett.  65  (1994)  421 
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Photoluminescence(PL)  by  above-band  gap  excitation  with  an  Ar-ion  laser  for  Si  5-doped  Al^Gai-xAs  has  been 
measured  in  the  temperature  range  between  10  K  to  300  K.  PL  spectra  are  composed  of  at  least  three  predominant 
peaks.  As  an  example,  the  PL  spectra  at  70  K  for  x=0.35  with  the  band  gap  of  2.02  eV  show  three  separated 
bands  peaked  at  1 .995  eV,  1 .925  eV,  and  1 .835  eV,  respectively.  They  are  denoted  as  1, 11,  III  bands,  for  convenience. 
The  temperature  dependence  of  intensity  and  its  line  sahpe  for  each  PL  band  were  curve  fitted  well  with  appropriate 
forms.  Based  on  the  fitting  with  a  theoretical  form  for  a  free-to-band(FB)  recombination  including  an  alloy 
effect  and  a  lowered  dimensionality  effect  on  the  density  of  state  of  conduction  band,  we  may  conclude  that  the 
I  band  is  the  FB  recombination.  It  is  also  found  that  the  I  and  II  PL  bands  terminate  at  Cas  and  SiAs  acceptors, 
respectively.  A  remarkable  result  obtained  in  this  work  is  that  the  quenching  of  three  PL  bands  reveal  nearly  the 
same  amount  of  thermal  activation  energies  at  higher  temperature  range.  The  fact  leads  one  to  propose  that  the 
initial  states  of  these  PL  bands  lie  at  the  bottom  T  conduction  band.  The  quenching  is  caused  via  thermal  activation 
to  higher  levels  possibly  the  L  band  of  about  90  meV  higher  than  the  bottom  of  the  T  band  followed  by  the 
nonradiative  recombination  process.  Based  on  this  idea  together  with  the  large  energy  shift  of  about  200  meV  of 
III  PL  band(  1.835  eV) ,  we  may  propose  that  the  final  state  might  be  related  to  a  deep  acceptor  level.  This  PL 
band  has  been  assigned  before  to  a  Si-related  deep  donor  level.  The  PL  studies  for  the  6-doped  AlGaAs  grown 
from  the  different  origin  are  giving  consistent  results.  We  will  address  a  detailed  talk  in  the  conference. 
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The  effects  of  background  n-  and  p-type  doping  on  Zn  diffusion  in  GaAs/AlGaAs  multiple-quantum- well  structures 
are  investigated  by  secondary-ion  mass  spectrometry  (SIMS)  and  photoluminescence  (PL)  measurements.  Zn 
diffusions  are  performed  at  575  °C  into  three  identical  multilayered  structures  consisting  of  30  GaAs  quantum 
wells  separated  by  A^  2Gao.8 barriers.  The  first  and  the  second  structures  are  uniformly  doped  with^Si  (5^  1 0 
cm'^)  and  Be  (1x10^  cm  ' ),  respectively.  The  third  structure  is  also  uniformly  doped  with  Si  (5x10  cm  ' )  but 
its  10  central  periods  is  codoped  with  Be  (lx  10^^  cm"' ).  SIMS  profiles  measured  after  Zn  diffusion  show  that  the 
region  behind  the  Zn  diffusion  front  of  all  structures  are  disordered.  In  particular,  the  effective  Zn  diffusivity  and 
the  disordering  rate  are  significantly  dependent  on  the  background  doping.  They  are  enhanced  by  Be  doping  and 
reduced  by  Si  doping.  PL  measurements  give  information  about  different  point  defects  in  the  epitaxial  multilayered 
structures  and  the  reactions  of  these  defects  during  the  diffusion  process.  Before  Zn  diffusion,  the  Si-doped 
structure  contains  a  high  concentration  of  column-III  vacancies,  whereas  a  domination  of  column-III  interstitials 
is  observed  for  the  Be-doped  structure.  After  Zn  diffusion,  PL  results  indicate  a  reduction  of  column-III  vacancy 
concentration  in  the  Si-doped  sample  and  an  increase  in  column-III  interstitial  concentration  in  the  Be-doped 
sample.  A  model  based  on  the  “kick-out”  mechanism  of  Zn  diffusion  is  proposed  to  explain  our  observations. 
The  incorporation  of  Zn  into  the  crystal  lattice  during  Zn  diffusion  results  in  a  column-III  interstitial  supersaturation 
responsible  for  the  Al-Ga  interdiffusion  in  the  Zn  diffused  region.  The  effective  Zn  diffusivity  and  the  disordering 
rate  are  controlled  by  the  background  donor  or  acceptor  concentration  in  the  structure  and  by  the  column-III 
interstitial  concentration  behind  the  Zn  diffusion  front.  The  effective  Zn  diffusivity  and  the  disordering  rate 
increase  with  increasing  acceptor  concentration,  but  they  decrease  with  increasing  donor  concentration.  Since 
column-III  interstitials  and  column-III  vacancies  can  mutually  annihilate,  the  concentration  of  column-III 
interstitial  and  column-III  vacancy  in  the  Si-doped  structures  is  reduced,  leading  to  a  retardation  of  Zn  diffusion. 
On  the  other  hand,  the  contribution  of  the  column-III  interstitial  concentration  in  the  Be-doped  structures  to  the 
Zn-diffusion  induced  column-III  interstitial  supersaturation  results  in  an  enhancement  of  the  Zn  diffusivity. 


•146*  Programme  and  abstracts  book 


POSTER!  ^48 


GALLIUM  INTERSTITIALS  IN  GaAs/AlGaAs  HETEROSTRUCTURES 
INVESTIGATED  BY  OPTICALLY  AND  ELECTRICALLY  DETECTED 

MAGNETIC  RESONANCE 


T.  Wimbauer.  D.  M.  Hofmann,  M.  S.  Brandt,  M.  W.  Bayerl,  N.  Reinacher,  M.  Stutzmann,  Y. 

Mochizuki  and  M.  Mizuta 

Technische  University  MUnchen,  Walter  Schottky  Institut  and  Physik-Department  E  16,  D- 

85748  Garching,  Germany 

Fundamental  Research  Laboratories,  NEC  Corporation,  34  Miyukigaoka,  Tsukuba,  Ibaraki 

305, Japan 

Key  Words:  electrically  detected  magnetic  resonance,  GaAs 

For  the  identification  and  analysis  of  defects  in  semiconductors  electron  paramagnetic  resonance  (EPR)  has  a 
long  tradition.  Despite  of  the  tremendous  success  of  conventional  EPR  investigations  on  defects  in  bulk 
semiconductors,  the  method  has  strong  limitations  for  the  application  on  epitaxial  layers  or  quantum  wells.  The 
defect  concentrations  present  in  such  structures  are  in  most  cases  far  below  the  detection  limit  of  the  conventional 
EPR.  Two  ways  to  overcome  this  drawback  have  been  developed:  optically  and  electrically  detected  magnetic 
resonance  (ODMR  and  EDMR,  respectively).  While  ODMR  is  a  well  established  technique,  EDMR  investigations 
have  been  reported  only  on  a  rather  limited  number  of  semiconductors,  especially  quantum  well  structures. 

We  performed  a  comparative  ODMR  and  EDMR  study  on  GaAs/AlGaAs  heterostructures  containing  a  50  nm 
GaAs  quantum- well  codoped  with  Si  and  Be.  The  donor-acceptor-pair  recombination  serves  as  sensitive  detection 
channel  for  the  ODMR  experiments  and  reveals  the  presence  of  Ga  interstitals  in  the  GaAs  quantum  well.  The 
signals  observed  in  EDMR  depend  sensitively  on  the  choosen  experimental  conditions.  Three  cases  can  be 
distinguished  which  dependent  on  the  localization  of  the  recombination  current  in  the  heterostructure.  Surface 
defects  are  observed  for  the  current  path  dominantly  localized  in  the  GaAs  cap  layer.  Ga  interstitials  are  observed 
for  conditions  where  the  current  is  dominantly  driven  through  the  quantum-well,  and  Cr  as  well  as  arsenic 
antisite  defects  for  conditions  including  recombination  current  in  the  semi-insulating  substrate.  These  results 
indicate  the  high  potential  of  EDMR  in  view  a  selective  detection  of  defects  in  complicated  sample  structures, 
especially  as  all  attempts  to  separate  the  observed  defects  by  the  standard  EPR  procedures  fail. 

[1]  J.  M.  Trombetta,  T.  A.  Kennedy,  W.  Tseng,  and  D.  Gammon,  Phys.  Rev  B  43,  2458  (1991) 

[2]  T.  A.  Kennedy,  M.  G.  Spencer,  Phys.  Rev.  Lett.  57,  2690  (1986) 

[3]  Y.  Mochizuki,  M.  Mizuta  and  A.  Mochizuki,  Mat.  Sci.  For.  196-201,  1927  (1995) 
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PHOTOLUMINESCENCE  CHARACTERISATION  OF  SURFACE 
DEFECTS  IN  AlgaAs  QUANTUM  WELL 
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It  is  well  known  that  unless  special  precautions  are  taken  in  the  substrate  preparation  and  selection  of  growth 
conditions,  the  molecular  beam  epitaxial  growth  of  GaAs  and  AlGaAs  layers  give  rise  to  a  particular  class  of 
surface  defect;  known  as  oval  defects.  Some  of  these  oval  defects,  at  a  later  stage,  influence  the  performance  of 
small  area  devices.  The  oval  defects  in  GaAs  and  AlGaAs  epitaxial  layers  were  characterized  using  Raman 
microprobe  having  submicron  spatial  resolution  and  photoluminescence  techniques.  In  this  paper,  the  quantum 
well  recombination  results  are  presented  from  the  oval  defects  under  steady  state  excitation  in  the  laser  structures. 
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The  properties  of  the  AlGaAs/GaAs  interface  have  significant  consequences  for  the  characteristics  of  various 
heterojunction-based  semiconductor  structures.  It  is  well  established  that  the  electronic  properties  of  the  inverted 
(GaAs  on  AIGaAs)  interface  are  inferior  to  those  of  the  normal  (AlGaAs  on  GaAs)  interface.  The  origin  for  this 
asymmetry  has  not  been  fully  understood  yet.  One  reason  might  be  the  interface  roughness  induced  by  the  lower 
A1  mobility  on  the  AIGaAs  surface  during  MBE  growth.  In  addition,  the  segregation  of  residual  impurities  has 
been  discussed  to  generate  interface  charges.  There  is  however  no  experimental  proof  up  to  now  that  indeed 
impurities  cause  the  deep  electronic  states  at  the  inverted  AlGaAs/GaAs  interface.  We  have  recently  found  by 
DLTS  a  series  of  well-defined  electron  traps,  which  are  concentrated  at  this  inverted  interface.  These  deep  levels 
are  not  originating  from  impurities,  but  from  native  point  defects,  which  are  formed  during  growth  on  the 
AIGaAs  surface. 

In  order  to  study  the  generation  of  these  intrinsic  defects  at  the  AlAs  surface,  we  have  examined  the  inverted 
AlAs/GaAs  interface  grown  under  different  conditions.  It  is  known  that  three-dimensional  (3D)  growth  of  AlAs 
is  occurring  in  z.  forbidden  window.  This  growth  mode  identified  by  the  formation  of  facets  results  in  a  rough 
surface.  At  lower  temperature  and  enhanced  As4  flux,  it  is  possible  to  realize  a  reentrant  layer-by-layer  (2D) 
growth  mode,  which  is  indicated  by  oscillations  of  reflection  high-energy  electron  diffraction  (RHEED)  intensities 
and  straight  RHEED  streaks.  With  this  distinct  mode,  the  effective  A1  mobility  is  enhanced,  and  a  smooth  AlAs 
surface  is  obtained.  In  particular,  the  two  electron  traps  p4  at  0.60  eV  and  p6  at  0.95  eV,  which  are  found  to  be 
dominant,  depend  on  the  growth  mode.  The  levels  p4  and  p6  are  most  likely  associated  with  the  isolated  arsenic 
vacancy  and  a  complex  containing  the  arsenic  antisite  defect  AsaIi  respectively. 

We  will  show  that  the  carrier  deficit  at  the  inverted  AlAs/GaAs  interface  and  the  densities  of  the  interfacial 
levels  p4  and  p6  can  be  drastically  reduced  under  the  reentrant  2D  growth  conditions.  The  2D  density  of  intrinsic 
traps  determined  by  the  C/V  method  becomes  comparable  with  the  total  electron  deficit  at  the  heterojunction. 
Under  3D  growth  conditions,  the  concentration  of  the  level  p6  is  reduced  for  higher  temperature,  lower  AS4  flux, 
and  lower  growth  rate,  i.e.,  when  more  time  is  available  for  the  kinetic  processes.  The  interfacial  level  p6  is 
apparently  linked  with  the  AS4  flux-dependent  mobility  of  A1  atoms,  which  can  lead  to  the  formation  of  AI 
vacancies  and  the  subsequent  incorporation  of  As  on  cation  sites.  It  is  therefore  an  indicator  for  imperfections  on 
the  surface.  In  spite  of  the  surface  roughness,  which  is  produced  by  3D  growth,  the  levels  are  sharp  and  the 
intrinsic  defects  are  usually  not  incorporated  into  the  epitaxial  layer.  For  the  interface  grown  with  the  reentrant 
2D  mode,  the  formation  of  the  level  p6  is  minimized  at  comparatively  low  temperatures  and  drastically  enhanced 
As4  fluxes,  which  is  in  sharp  contrast  to  the  behavior  under  3D  mode  conditions.  The  nearly  defect-free  growth 
is  thus  confirmed  by  the  very  low  concentration  of  the  interfacial  level  p6.  Because  the  total  density  of  interface 
charges  becomes  also  sufficiently  low,  we  can  achieve  the  accumulation  of  free  electrons  on  the  GaAs  side  of 
the  inverted  interface.  In  conclusion,  the  optimization  of  the  growth  kinetics  on  the  AlAs  surface  can  be  investigated 
via  electronic  states  at  the  inverted  AlAs/GaAs  interface. 
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Low-temperature  cathodoluminescence  and  secondary  electron  modes  of  a  scanning  electron  microscope  are 
used  to  study  the  formation  of  point  defects  during  laser  induced  intermixing  of  GaAs/Alo.45Gao.55As  multiple- 
quantum-well  structures.  The  surface  of  the  GaAs/AlGaAs  multilayered  samples  is  selectively  irradiated  with  a 
scanned  Ti: sapphire  laser  beam.  Micron-sized  melted  regions  where  the  GaAs/AlGaAs  multilayered  structure  is 
totally  intermixed  are  observed  under  the  irradiated  surface.  The  cathodoluminescence  spectra  of  the  melted 
region  are  dominated  by  a  broad  emission  band  at  1.47  eV.  This  emission  band  is  believed  to  be  due  to  the 
recombination  of  a  Si  donor-Ga  antisite  acceptor  complex.  Ga  antisites  are  formed  during  laser  irradiation.  Si 
atoms  originated  from  the  Si-doped  GaAs  substrate  dissolve  into  the  melt  when  the  melted  region  develops  into 
the  substrate.  The  luminescence  spectra  obtained  for  the  6  urn  wide  transition  region  adjacent  to  the  melted 
region  show  a  broadening  and  a  blue  shift  of  the  emission  peak  associated  with  the  recombination  of  excitons 
confined  in  the  quantum  wells.  This  indicates  the  partial  disordering  of  the  multilayered  structure.  In  addition, 
the  Ga  antisite  related  emission  band  and  an  emission  band  due  to  the  transition  of  free  electrons  to  Si  acceptors 
in  the  quantum  wells  are  seen  in  the  luminescence  spectra  of  the  partially  disordered  region.  Our  results  demonstrate 
that  Ga  antisites  are  the  main  intrinsic  point  defects  generated  during  laser  irradiation  induced  intermixing  of 
GaAs/AlGaAs  multilayered  structures.  The  Si  -Ga  antisite  complex  is  formed  at  high  concentration  in  the  melted 
region.  The  mechanism  responsible  for  the  disordering  of  the  multilayered  structure  around  the  melted  region  is 
discussed  on  the  basis  of  the  Si-Ga  antisite  complex  diffusion. 
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Deep  hole  states  in  p-type  Alo.5Gao.5As  grown  by  MBE  have  been  studied  by  the  deep-level  transient  spectroscopy 
(DLTS)  method.  The  as  grown  and  He-ion  irradiated  samples  have  been  investigated. 

In  the  as-grown  samples  four  hole  traps  labeled  by  us  as  HI  to  H4  were  detected.  For  the  traps  HI,  H3  and  H4 
thermal  activation  energies  obtained  from  Arrhenius  plots  were  equal  to:  EHl  =  0. 1 5  eV,  EH3  =  0.4  eV  and  EH5 
=0.46  eV.  Hole  emission  from  H2  trap  has  been  found  to  be  electric  field  dependent.  The  electric  field  dependence 
of  emission  rate  indicates  that  carrier  emission  from  the  trap  has  to  be  accompanied  by  acquiring  a  net  charge  by 
the  defect ,  i.e.  the  H2  trap  has  to  be  charged  upon  a  hole  emission  and  neutral  upon  hole  capture.  This  implies 
that  the  trap  H2  would  then  be  defined  as  the  acceptor-like  levels  (  0/-)  in  a  p-type  material.  The  electric  field 
dependence  has  been  explained  in  the  terms  of  the  Frenkel-Poole  mechanism. 

It  was  found  that  capture  proceses  to  the  trap  H4  is  thermally  activated  with  energetic  barrier  equal  to  0.18  eV. 
This  fact  indicates  that  large  relaxation  is  involved  in  the  hole  capture/  emission  processes. 

He-ion  bombardment  of  samples  introduced  a  new  deep  trap  with  activation  energy  close  to  0.65  eV. 
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It  is  well  known  that  the  acceptor  germanium  in  AlxGai_xAs  has  an  ionization  energy  which  depends  strongly 
on  the  A1  molar  concentration.  The  level  goes  from  Ey  +  40.4  meV  at  x  =  0  up  to  Ey  +  1 30- 1 50  meV  for  x  -  0.4 
[1],  which  is  by  far  larger  than  the  shift  predicted  by  the  effective  mass  theory  for  the  same  Ax  range  (AEj  = 
5meV)  [1].  In  order  to  better  understand  the  origin  of  this  anomalous  behavior,  liquid  phase  epitaxy  (LPE) 
grown  p-type  Ge-doped  to  10*  ^  cm'^  Alo.4Gao.6As  samples  were  investigated  by  electrical  transport  techniques, 
magnetic  circular  dichroism  of  the  absorption  (MCDA)  as  well  as  optically  detected  magnetic  resonance  (ODMR). 

The  results  can  be  summarized  as  follow:  when  cooling  the  sample  in  the  dark,  two  distinct  regimes  of  electrical 
conduction  were  observed.  The  first,  dominant  at  higher  temperatures  (T  >  100  K),  shows  an  activation  energy 
of  130  ±  10  meV,  which  is  very  similar  to  the  thermal  ionization  energy  of  the  isolated  GeAs-acceptor  (x  =  0.4). 
Below  100  K,  the  freeze-out  regime  is  substituted  by  a  hopping  conduction  process  in  the  Ge-impurity  band 
which  is  in  good  agreement  with  the  Motfs  law  (ln(a)  oc  T  ).  In  the  latter  regime,  after  illuminating  the 
sample  with  light  of  energy  below  the  band  gap,  a  weak  persistent  photoconductivity  effect  (PPC)  was  observed. 
It  was  verified  that  the  PPC  is  present  up  to  190  ±  10  K. 

A  strong  paramagnetic  IR  MCDA  band  has  also  been  observed  after  cooling  the  sample  in  the  dark.  As  a  microwave 
induced  change  in  this  MCDA  band,  an  ODMR  line  of  a  defect  having  S  =  g[ooi]  =  2.03  ±  0.01  and  AB1/2  = 
60  mT  could  be  detected.  This  ODMR  line  is  very  anisotropic,  which  suggests  a  defect  with  symmetry  lower 
than  Tjj.  After  discussing  the  origin  of  the  MCDA  and  ODMR  results,  a  model  for  the  Ge-acceptor  is  proposed. 
It  is  based  on  the  idea  that  the  neutral  and  paramagnetic  ground  state  of  the  Ge-acceptor  is  relaxed  possibly  due 
to  the  alloy  disorder  in  the  first  (Al,Ga)  neighbor  shell. 

[1]  V.  Swaminathan,  J.L.  Zilko,  W.T.  Tsang  and  W.R.  Wagner,  J.Appl.  Phys.  53, 5163  (1982) 
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The  aim  of  this  study  was  a  comparison  between  the  irradiation-induced  defects  in  AlxGaj.xAs  and  GaAs.  The 
influence  of  AI  neighbours  on  the  stability  and  structure  of  these  radiation-induced  defects  in  AlxGaj.xAs  was 
also  investigated. 

AIq  i6Gao.84As:Te  layers  were  investigated  with  magnetic  circular  dichroism  of  the  absorption  (MCDA)  and 
optical  detection  of  electron  paramagnetic  resonance  (ODEPR)  via  the  MCDA  after  electron  irradiation.  Two 
free  standing  Te-doped  Aloj6Gao.84As  layers  (n  ~  10  ^cm'^  at  RT,  thickness  approx.  220  pm)  grown  by  liqui^ 
phase  epita:w  (LPE)  were  irradiated  at  4.5  K  with  2  MeV  electrons.  The  irradiation  fluences  were  5x10  cm 
and  1  X  10' cm'^.  The  samples  were  transferred  into  the  ODMR  spectrometer  (ODMR  =  optical  detection  of 
magnetic  resonance)  at  77  K. 

Prior  to  annealing  to  300  K  the  MCDA  and  the  ODEPR  of  two  different  Ga  vacancy-type  defects  were  measured. 
One  Ga  vacancy-type  defect  has  a  similar  ODEPR  spectrum  as  the  one  observed  in  GaAs  (halfwidth  of  the 
ODEPR  line  approx.  70  mT),  the  other  defect  has  a  much  smaller  halfwidth  (40  mT).  In  addition  an  As-antisite 
defect  was  found  which  has  a  similar  MCDA  spectrum  as  the  anti-structure  pair  in  GaAs  (As  antisite  defect  with 
a  Ga  antisite  in  the  next  nearest  neighbour  sheliV  Annealing  experiments  showed  that  the  Ga  vacancy-type 
defects  in  AlxGapxAs  anneal  out  in  a  broad  temperature  range  (200  K  -  280  K)  as  was  also  observed  in  GaAs. 
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It  is  believed  that  the  trigonal  distortion  of  the  Ga  vacancy  in  GaAs  is  caused  by  a  static  Jahn-Teller  effect  .  One 
As  neighbour  is  relaxed  to  the  Ga  vacancy  and  has  a  prominent  hyperfine  interaction  which  causes  the  structure 
and  the  large  halfwidth  of  the  ODEPR  line.  The  fact  that  one  of  the  Ga  vacancy-type  defects  in  Alo.i6Gao.84As 
has  a  reduced  halfwidth  of  the  EPR  can  be  explained  with  a  reduced  or  absent  prominent  hyperfine  interaction 
of  the  relaxed  As  neighbour.  It  is  speculated  that  the  static  Jahn-Teller  effect  leading  to  a  trigonal  distortion  of  the 
Ga  vacancy  in  GaAs  is  suppressed  by  the  reduction  of  symmetry  due  to  neighbouring  Al  atoms  in  AlxGai  .xAs. 

[1]  Krambrock,  J.-M.  Spaeth,  Phys.  Rev  B  47,  3187  (1993) 
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Although  GaSb  and  its  alloys  gain  an  increasing  importance  as  materials  for  optoelectronics  it  is  still  very  little, 
compared  to  other  III-V  compounds  e.g.  GaAs  or  AlGaAs,  known  about  physical  properties  of  defects  in  these 
materials.  We  present  for  the  first  time  a  detailed  far  infrared  absorption  study  of  the  intra-center  ls-2p  shallow 
donor  transition  in  GaSb:S  in  high  magnetic  fields.  From  this  study  an  information  about  the  binding  energy, 
polaron  coupling  strength  and  metastable  transition  mechanism  could  be  obtained. 

The  infrared  absorption  appears  at  low  temperatures  only  after  sample  illumination  with  a  near-bandgap  light. 
Therefore,  as  confirmed  also  by  Hall-effect  measurements,  it  has  to  be  linked  to  the  metastable  shallow  state  of 
the  DX  center  in  GaSb.  The  wavefunction  of  this  state  has  been  found  to  be  an  extended  hydrogenic-like  and 
built  predominantly  from  the  F  minimum  of  the  conduction  band.  On  the  other  hand,  the  shallow  state  binding 
energy  of  nearly  9  meV,  estimated  from  the  line  position  of  the  1  s-2p  transition,  exceeds  nearly  4  times  the  value 
of  binding  energy  predicted  by  the  effective  mass  theory  for  a  shallow  state  connected  to  the  F  minimum. 

The  striking  feature  exhibited  by  the  intracenter  absorption  at  high  magnetic  fields  is  a  large  magnetopolaron 
effect.  From  the  magnitude  of  the  polaron  splitting  the  polaron  coupling  strength  of  a  =  0.5-0.7  could  be  estimated. 
We  attribute  such  large  coupling  strengths  to  properties  of  the  dielectric  screening  of  the  strongly  nonisocoric 
impurity  potential. 

Our  study  of  the  bound  polaron  in  GaSbiS  may  give  a  better  insight  into  the  fundamentals  of  the  shallow-deep 
transition  exhibited  by  metastable  defects  in  III-V  semiconductors.  A  distinct  change  of  the  crystal  effective 
dielectric  properties  is  observed  in  GaSb  in  the  vicinity  of  the  sulphur  impurity.  It  amounts  to  an  increase  of  the 
istatic”  lattice  screening  and  a  reduced  idynamic”  electron  screening.  This  effect  provides  a  justification  of  two 
basic  assumptions  commonly  made  in  modeling  the  shallow-deep  transition,  a)  the  large  amplitude  of  lattice 
vibrations,  being  a  driving  force  of  the  pseudo  Jahn-Teller  effect,  which  stabilizes  the  configuration  with  the 
large  lattice  relaxation,  b)  the  possible  inearly  simultaneous”  two  electron  capture  necessary  for  the  formation  of 
a  negative-U  state.  As  a  result  the  shallow-deep  transition  may  be  viewed  as  a  icooperative”  action  of  both  the 
long-  and  short-range  electron-phonon  couplings  leading  to  lattice  relaxation  -  a  kind  of  local  phase  transition  in 
the  vicinity  of  the  defect  similar  to  a  phase  transition  iin  macroscale”  found,  e.g.,  in  ferroelectrics.  The  values  of 
the  ratio  of  the  static  to  dynamic  effective  dielectric  constants  estimated  from  the  analysis  of  the  polaron  couplig 
indicate  a  possibility  that  a  large  bipolaron  shallow  state  may  be  formed,  which  then  is  driven  into  the  localized 
deep  one  via  the  large  lattice  relaxation. 
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The  electronic  properties  of  the  wide  band  gap  semiconductors  Gai.^AlxN  alloys  for  (x  =  0.0, 0.25,  0.75,  and 
1 .0)  have  been  investigated  by  using  the  first  principle  calculation.  The  calculated  direct  band  gap  for  the  random 
distribution  of  cation  nerest  neighbour  tetrahedral  clusters  in  the  Ga^.xAlxN  alloys  for  any  arbitrary  concentration 
X  is  seen  to  show  a  quite  linear  variation  with  concentration  of  A1  which  is  in  agreement  with  the  experiment.  On 
the  other  hand,  the  indirect  band  gap  remains  invariant.  We  observe  a  direct  to  indirect  band  gap  cross  over  at 
x=0.59. 
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Much  work  has  been  done  on  ZnSe  epitaxial  layers  grown  on  GaAs  because  of  the  small  lattice  mismatch  (0.27 
%)  in  this  heterojunction.  Pseudomorphic  growth  is  possible  at  thickness  of  about  0.15  -  0.2  p.m.  However, 
many  devices  require  ZnSe  layers  beyond  this  thickness.  Therefore  mismatch-induced  defects  are  widely  present 
in  and  near  the  heterointerface  [1,2].  Because  the  interface  has  a  strong  effect  on  both  electrical  properties  and 
other  physical  characteristics,  such  as  defect  density  and  degradation  of  the  devices,  the  characterization  and 
control  of  the  ZnSe/GaAs  heterointerface  is  important  to  obtain  high-quality  ZnSe  epilayers  on  GaAs  substrates. 
Although  many  reports  have  been  published  on  the  characterization  and  control  of  the  MBE-ZnSe/GaAs  interface, 
they  are  still  subject  of  considerable  interest. 

We  here  present  experimental  results  obtained  from  admittance  spectroscopy  and  capacitance-voltage  (C-V) 
measurements  on  p-  and  n-type  ZnSe  layers  grown  by  MBE  on  highly  doped  GaAs  substrates.  The  interface 
properties  and  their  effects  on  the  electrical  properties  of  the  ZnSe/GaAs  heterojunctions  were  investigated.  The 
C-V  characteristics  of  these  heterojunctions  show  a  hysteresis  which  can  be  related  to  an  unusually  slow  capacitance 
transient  after  the  applied  reverse-bias  is  decreased.  A  large  frequency  dispersion  of  the  capacitance  and  a  broad 
peak  in  the  conductance  spectra  are  observed  at  temperatures  around  340  K.  These  observations  strongly  suggest 
the  presence  of  a  continuum  of  defects  in  the  interface  between  ZnSe  and  GaAs.  The  capacitance  versus  frequency 
data  was  analyzed  in  terms  of  Lehovec’s  model  [3]  of  an  interface^^tate  continuum  with  a  single  time  constant. 
The  density  of  interface  states  was  then  found  to  be  about  4x10  cm  eV  for  typical  both  n-  and  p-type 
samples.  We  attribute  the  long  time  constant  observed  in  the  capacitance  transients  to  slow  changes  in  the  charge 
on  the  interface  states.  The  scattered  values  of  this  time  Constant  for  different  samples  and  the  values  of  the 
single  time  constant  calculated  from  the  fitting  of  data  are  in  a  good  agreement 

The  presence  of  interface  states  may  seriously  affect  the  performance  of  ZnSe/GaAs  based  devices.  The  correlation 
between  their  behavior  and  the  growth  conditions  is  of  prime  importance  and  is  presently  under  study. 

[1]  W.  Stutius  and  F.A.  Ponce,  7.  Appi  Phys.  58,  1548  (1985) 
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The  atomic  self-organization  during  the  first  stages  of  the  epitaxial  growth  on  highly  mismatched  substrates  has 
been  used  recently  as  a  method  to  obtain  low  dimensional  structures  without  the  requirements  of  using  other 
technological  processes. 

The  present  work  studies  the  first  stages  of  quantum  dots  growth  and  the  influence  of  the  annealing  after  the 
InSb  deposition.  Two  samples  were  prepared  by  depositing  a  total  amount  of  InSb  equivalent  to  2.0  and  2.8 
monolayers  (ML)  by  Atomic  Layer  Molecular  Beam  Epitaxy  (ALMBE),  keeping  the  Sb  flux  constant.  After 
dots  deposition  both  samples  were  annealed  at  a  temperature  of  435°C  during  5  min  with  a  continuous  Sb  flux. 
A  piece  of  the  sample  with  2.8  ML  was  kept  without  annealing  in  order  to  assess  the  effects  of  the  process  in  the 
structure  of  the  islands. 

High-energy  electron  diffraction  during  growth  was  used  to  assess  the  growth  mode  during  the  first  stages  of 
deposition.  A  Stransky-Krastanov  mode  is  suggested  as  it  was  observed  a  transition  from  two-dimensional  to 
three-dimensional  growth  mode.  Transmission  Electron  Microscopy  (TEM)  and  Atomic  Force  Microscopy  (AFM) 
were  also  performed  in  order  to  determine  the  morphology,  distribution  and  relaxation  state  of  the  dots. 

Results  show  that,  in  general,  good  quality  dots  are  obtained  for  the  annealed  samples,  due  to  the  enhancement 
of  the  atoms  reorganization  on  the  wafer  surface.  AFM  results  show  that  the  annealed  samples  have  well  defined 
dots  with  a  uniform  distribution  over  the  substrate,  while  as  grown  sample  presents  a  smooth  wavy  surface  and 
InSb  islands  are  not  well  distinguished  from  each  other.  For  the  annealed  samples,  the  dots  surface  density  rises 
with  the  InSb  contents,  and  the  size  is  higher  as  well.  It  can  be  also  observed  for  the  2.8  ML  samples  that,  in  both 
as-grown  and  annealed  cases,  the  substrate  surface  has  developed  an  anisotropic  rugosity  that  is  more  outstanding 
in  the  case  of  the  annealed  sample.  This  anisotropy  is  not  so  noticeable  in  the  case  of  a  growth  of  2  ML  which 
could  be  due  to  the  lower  InSb  contents  or  to  slightly  changes  in  technological  parameters. 

TFM  images  confirm  the  above  observations  and  display  that  the  anisotropy  of  the  2.8  ML  sample  also  affects 
to  the  dots  size,  being  larger  in  the  direction  parallel  to  the  undulation.  The  dots  shape  is  more  regular  in  the  case 
of  the  annealed  samples.  High  resolution  images  exhibit  that  the  crystalline  quality  is  better  for  the  annealed 
case.  The  most  common  defects  found  are  misfit  dislocations  and  twins  that  relax  the  strain  of  the  InSb/InP 
system.  Finally,  the  Stransky-Krastanov  growth  mode  is  discussed  for  this  samples  as  we  have  no  evidence  of  a 
wetting  layer. 
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Recently,  there  has  been  considerable  interest  in  studies  of  carrier  localization  in  quantum  dot  (QD) 
heterostructures.  In  this  work  we  report  on  the  deep  level  transient  spectroscopy  (DLTS)  and  capacitance-voltage 
(C-V)  studies  of  InAs/GaAs  vertically  coupled  quantum  dot  (VECOD)  structures  inserted  in  an  active  region  of 
laser  diode.  The  QDs  are  formed  self-organized  in  a  p-type  GaAs  matrix  during  molecular  beam  epitaxy. 

From  C-V  profiles  the  spatially  localization  associated  with'  QDs  has  been  determined.  We  apply  different 
combinations  of  bias  voltages  and  of  filling  pulse  voltages  Vf  to  perform  the  DLTS  study  of  the  regions 
below,  coincident,  and  above  the  layer  with  VECODs.  The  measurements  has  demonstrated  c^ear  signal  due  to 
localization  of  carriers  in  QDs.  Additionally,  some  concentration  of  deep  traps  («10  cm'  )  and  has  been 
revealed  in  the  region  spatially  coincident  with  QDs.  These  point  defects  originate,  most  probably,  from  low 
temperature  GaAs  growth  during  multiple  InAs-GaAs  deposition  cycles.  We  found  that  DLTS  spectra  are  changed 
dramatically  for  isochronous  annealing  temperatures  below  and  above  245  K  and  for  cooling  conditions  Vf  >0 
or  Vf,  =0.  After  annealing  at  Ta>245K,  apart  from  well-known  for  GaAs  EL  14  and  HL5  levels,  El  electron  and 
HI  hole  levels  were  observed.  After  annealing  at  Ta<245K  the  peaks,  related  to  these  levels,  disappeared  and 
other  broader  El*  and  HI*  peaks  appeared.  The  position  of  the  HI  *  peak  in  DLTS  spectra  depended  on  values 
of  Vf ,  annealing  temperature  T^  ,  cooling  conditions  (Vf  >0  or  Vf,  =0)  and  optical  illumination.  A  thermal 
activation  energy  of  the  Hl*level  also  varied  from  132  to  199meV  with  Vf ,  T^ .  After  illumination  and  cooling 
at  Vf  >0,  when  the  carriers  from  QDs  photoexcited,  peak  are  shifted  towards  the  position  measured  at  Vf  =0.  The 
effects  observed  demonstrate  that  formation  of  an  additional  potential  barrier  takes  place  and  HI*  level  is  not  a 
metastable  defect.  The  position  of  the  HI  peak  in  DLTS  specrtra  depends  on  the  Vf,  value.  On  contrary,  the 
amplitude  and  shape  of  the  peak  are  not  changed.  A  energy  of  the  HI  level  varied  from  89  to  194  me V  A  energy 
of  the  El  and  El*  are  coincident  and  equals  llOmeV.  Our  results  allowed  us  to  conclude  that  HI,  El  and 
H1*,E1*  levels  are  related  with  the  same  VECOD.  At  annealing  at  Ta<245K  and  cooling  at  Vf  >0  QDs  are 
occupied  by  carriers.  Coulomb  interaction  between  the  charged  QDs  and  deep  centers  located  in  regions  close  to 
QDs  takes  place  and  dipoles  are  formed.  The  electrostatic  potential  caused  by  these  dipoles  is  superimposed  to 
the  QD  potential  barriers  caused  by  conduction  and  valence  band  discontinuities.  The  carriers  from  deep  levels 
can  tunnel  into  quantum  dots  from  which  they  were  previously  thermally  evaporated.  This  effect  is  responsible 
for  the  appearance  of  the  broad  band  in  DLTS  spectra  which  replaces  the  ELI  4  and  HL5  levels.  At  annealing 
temperatures  Tg  >245  K  QDs  the  carriers  are  evaporated  from  QDs  and  dipoles  can  not  be  formed.  In  this  sense, 
the  observed  shift  of  the  energy  is  connected  with  an  effect  of  lowering  of  the  potential  barrier  for  carrier 
emission  from  VECODs  and  with  tunneling  through  its  due  to  p-n  junction-induced  electric  field 
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We  report  on  a  new  technique  which  is  developed  in  order  to  characterize  defect  states  localized  in  the  vicinity 
of  an  interface.  The  technique  combines  optical  studies  on  semiconductor  heterostructures  and  acoustic  waves 
employed  as  an  external  perturbative  factor  of  optical  spectra. 

We  present  data  obtained  on  GaAs  epitaxial  layers,  not  intentionally  doped  and  doped  with  Si  andTe  impurities, 
grown  by  MBE  on  the  (100)  GaAs  substrates.  Lamb  acoustic  waves  were  utilized  in  order  to  disturb  optical 
reflectance  and  absorption  spectra.  Comparison  of  these  data  with  measured  optical  spectra  of  transverse 
acoustoelectric  voltage  (TAV)  as  well  as  photoacoustic  and  photoelectric  images  of  near  surface  regions  of  the 
structures  will  also  be  presented. 

We  detect  spectral  features  at  1.42eV  and  2.88eV  which  have  been  known  to  arise  from  optical  transitions  at  the 
Mo  and  M]  critical  points  of  GaAs  and  thus  verify  our  technique.  We  observe  spectral  peaks  with  energies  of 
37meV  and  29meV  below  the  band  gap  which  are  attributed  to  the  energy  levels  of  Si  and  Te  impurities, 
respectively.  We  find  two  unknown  peaks  ranged  from  50meV  to  67meV  (Ei  peak)  and  from  80meV  to  90meV 
(E2  peak)  below  the  band  gap  in  different  samples.  These  peaks  are  observable  in  both  the  acoustically  disturbed 
reflectance  spectra  and  the  spectra  of  TAV.  They  are  suggested  to  be  due  to  two  energy  levels  of  arsenic  vacancy 
Vas  localized  in  the  interface  and  influenced  by  electric  fields  and  mechanical  stresses  in  the  boundary  region. 
An  exact  energy  position  of  the  E^  and  E2  peaks  is  therefore  indicative  of  an  interface  quality.  This  conclusion 
is  in  excellent  agreement  with  an  interface  quality  test  performed  by  photoacoustic  and  photoelectric  imaging  of 
the  GaAs  layers.  A  model  describing  appearance  of  the  presented  spectral  features  due  to  perturbation  by  acoustic 
waves  will  be  discussed. 
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Magnetic  resonance  provides  a  powerful  tool  for  the  investigation  of  the  properties  of  magnetic  thin  layers  and 
superlattices  (SL's).  In  this  paper  we  present  results  where  the  EPR  of  isolated  paramagnetic  centers  is  used  for 
the  investigation  of  interdiffusion  in  SL"s.  In  particular,  we  study  Eu  and  Mn  impurities  in  the  diamagnetic 
layers  of  SL's  of  the  type  PbTe/EuTe  and  CdTe/MnTe,  respectively. 

Paramagnetic  impurities  in  superlattices  differ  from  those  in  volume  crystals  by  the  local  strain  and  by  a  possible 
confinement  of  the  conduction  electrons.  Strain  leads  to  a  modification  of  the  fine  structure  of  the  magnetic 
impurity  while  the  presence  of  the  confined  electron  gas  results  in  a  modification  of  the  spin  relaxation  rates. 
Thus,  investigating  the  saturation  of  the  EPR  amplitude  as  a  function  of  microwave  power  we  are  able  to  distinguish 
the  spectra  of  impurities  in  the  SL  wells  from  those  in  the  substrate  also  in  the  cases  where  fine  structure  is  not 
resolved.  In  the  magnetic/diamagnetic  SL's,  the  EPR  studies  of  impurities  which  diffuse  into  the  diamagnetic 
well  allow  a  quantitative  analysis  of  the  diffusion  at  the  interface. 

We  demonstrate  the  influence  of  conduction  electrons  on  the  spin  relaxation  of  localized  centers  in  CdTe  co¬ 
doped  with  Mn  and  N.  The  nitrogen  acceptor  exhibits  metastability.  The  resulting  giant  photoconductivity  leads 
to  dramatic  changes  of  the  Mn  relaxation  rates  under  illumination. 

EPR  studies  are  applied  for  the  investigation  of  local  strains  acting  on  Mn  and  Eu  impurities  in  SL's.  Since  Eu, 
in  contrast  to  Mn,  is  characterised  by  a  well  resolved  fine  structure  we  are  able  to  monitor  not  only  the  mean 
strain  but  also  its  fluctuation. 

We  investigate  inter-diffusion  in  EuTe/PbTe  SL's.  We  analyse  the  amplitude  of  EPR  spectra  of  isolated  Eu 
impurities  and  of  Eu-Eu  pairs.  The  observation  of  spectra  of  isolated  impurities  is  possible  if  the  local  concentration 
of  diffused  impurities  is  lower  than  1%  in  the  well.  Since  we  are  able  to  observe  such  spectra  in  SL's  with  a 
width  of  the  diamagnetic  wells  of  a  few  monolayers  only  we  conclude  that  these  SL's  are  characterised  by  very 
weak  diffusion  and  an  almost  rectangular  shape  of  the  concentration  profile  x(z),  which  cannot  be  effectively 
evaluated  by  X-ray  analysis. 
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This  work  concerns  the  femtosecond  and  picosecond  dynamics  of  excited  states  in  quantum  dots,  typically  CdS 
clusters  consisting  of  150-200  atoms,  for  which  the  excited  states  are  of  interest  through  their  role  in  potential 
photonic  devices.  The  effects  discussed  appear  to  be  general  for  dots  of  this  size,  whether  the  excited  states 
correspond  closely  to  bulk  excitons,  or  whether  they  are  associated  with  defects  or  impurities. 

The  fact  that  the  dots  are  at  constant  pressure,  rather  than  constant  volume,  leads  to  a  modest  but  significant 
energy  shift  on  the  picosecond  timescale  in  what  would  normally  be  described  simply  as  zero-phonon  lines.  This 
“dynamic  dilatation”  shift  is  unimportant  in  bulk  systems,  and  is  not  important  for  different  reasons  in  small 
molecules.  In  essence,  the  rapid  optical  absorption  step  can  be  regarded  as  a  constant  volume  step;  it  is  followed 
by  a  slower  step  as  the  constant  pressure  condition  and  the  zero  surface  traction  conditions  are  reestablished.  In 
simple  cases,  the  shift  will  be  inversely  proportional  to  the  dot  volume  and  the  characteristic  timescale  proportional 
to  the  dot  radius. 

In  certain  experiments,  the  shift  will  have  the  same  effect  as  dephasing,  for  the  emission  energy  will  have  moved 
away  from  the  absorption  energy,  even  for  what  are  regarded  as  zero-phonon  lines.  The  predictions  appear  to  be 
in  line  with  current  experimental  data,  for  which  there  is  a  so-called  elastic  process  of  dephasing.  For  this 
process,  the  apparent  dephasing  time  and  its  dependence  on  dot  radius  are  similar  to  those  expected  from  dynamic 
dephasing  [1,2]. 

[1]  DM Mittelman,  R  W Schoenlein,  J  J  Shiang,  V  L Colvin,  A P Alivasatos  and C  V  Shank  1994 Phys  Rev B49 
14435. 

[2]  S  A  Empedocles,  D  J  Norris  and  M  G  Bawendi  1996  Phys  Rev  Lett  77  3873. 
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Results  are  presented  of  an  extended  study  on  the  lattice  defects  induce  in  Ino.53Gao.47As  pin  photodiodes  by 
20-MeV  alpha  rays.  The  radiation  source  dependence  on  the  generation  of  deep  levels  in  the  Ino.53Gao.47As 
epitaxial  layers  and  on  the  degradation  of  device  performance  is  also  reported  taking  into  account  the  number  of 
knock-on  atoms  (N^)  and  the  nonionizing  energy  loss  (NIEL). 

Pin  photodiodes  fabricated  in  n  ^Ino.53Gao.47As  epitaxial  layers  grown  on  (100)  InP  substrates  with  a  500  nm 
n'^InP  buffer  layer  using  a  hydride  (Ga/In/HCI/AsH3/H2)  vapor  phase  epitaxy  system  were  used  in  this  study. 
The  nominal  thichness  of  the  Ino.53Gao.47  As  epitaxial  layer  used  as  light  absorbing  layer  are  3  |im.  After  removing 
the  Kovar  glass  from  TO- 1 8  package  the  diodes  were  irradiated  by  20-MeV  alpha  rays  at  room  temperature  in 
the  AVF  cyclotron  in  TIARA^at  the  Takasaki  Radiation  Chemistry  Research  Establishment.  The  fluence  of  alpha 
rays  was  varied  between  10^  and  5x10^"^  1/cm^.  The  irradiation  was  performed  without  applying  bias  to  the 
diodes. 

The  electrical  and  optical  characteristics  of  the  diodes  were  measured  at  room  temperature  before  and  after 
irradiation.  The  deep  levels  in  the  Ino.53Gao.47As  epitaxial  layer  were  studied  using  the  deep  level  transient 
spectroscopy  (DLTS)  method.  To  investigate  the  recovery  behavior  of  the  irradiated  diodes,  isochronal  thermal 
anneals  were  also  carried  out. 

The  damage  coefficient  of  device  performance  calculated  for  alpha  ray  irradiation  is  nearly  same  with  that  for 
neutron  irradiation,  while  it  is  about  three  orders  of  magnitude  larger  than  that  for  electron  irradiation.  This  is 
due  to  the  different  and  NIEL,  which  is  correlated  with  the  difference  of  mass  and  the  possibility  of  nuclear 
collision.  Electron  capture  levels  around  (Ec-0.38  eV)  are  induce  in  the  Ino.53Gao.47As  epitaxial  layer  for  fluences 
above  1x10^^  I/cm^.  The  density  of  induced  levels  increases  with  increasing  fluence.  Induced  electron  capture 
levels  are  thought  to  be  associated  with  the  Ga  vacancy  and  are  presumably  responsible  for  the  degradation  of 
device  performance. 
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SEMICONDUCTOR  QUANTUM  DOTS 


B  Szafran,* ' '  .T  Adamowski.*  and  B  St6b6^ ' 

^Faculty  of  Physics  and  Nuclear  Techniques,  Technical  University  (AGH),  PL-30059 

Krakow,  Poland 

Laboratoire  d’Optoelectronique  et  de  Microelectronique,  Universite  de  Metz,  57078  Metz 

Cedex  3,  France 

Key  Words:  semiconductor  quantum  dot,  D  ‘  center,  singlet  and  triplet  states  of  S  and  P 
symmetry 

Properties  of  a  negatively  charged  donor  center  (D  “)  have  been  studied  for  spherical  semiconductor  quantum 
dots  in  the  frame  of  effective-mass  approximation.  A  spherically  symmetric  potential  well  of  finite  depth  has 
been  introduced  as  a  model  for  the  confinement  potential  of  the  single,  isolated  §^antum  doj^in  a  dieletric 
material.  We  have  considered  the  ground  state  (1  )  and  excited  states  (2  ,2  ,2  ,2  )  of  5  and  P 

symmetry  in  both  singlet  and  triplet  spin  configurations.  The  ground-state  and  the  excited-state  energy  levels 
have  been  calculated  by  variational  means.  For  comparison,  the  energy  spectrum  of  the  neutral  donor  (D  )  has 
also  been  calculated.  The  results  are  presented  as  functions  of  the  potential-well  depth  W  and  quantum-dot 
radius  R.  For  all  values  of  R,  the  energy  levels  of  the  considered  D  '  states  are  located  below  the  continuum 
threshold  (one  electron  bound  in  the  D  ^  ground  state  and  the  second  —  outside  the  dot)  provided  that  the 
potential  well  is  sufficiently  deep,  i.e.  W  is  larger  than  about  one  tenth  of  the  donor  rydberg.  This  means  that  in 
quantum  dots  —  on  the  contrary  to  the  bulk  crystals  ~  the  excited  states  of  the  D "  center  can  be  observed.  The 
calculated  1  ^  2  transition  energy  shows  the  pronounced^  maximum  as  a  function  of  the  quantum-dot 

radius  R.  The  maximum  energy  of  the  transitions  between  the  1  and  2  states  strongly  depends  on  W  and 
reaches  the  values  of  the  order  of  one  donor  rydberg  for  large  W,  Both  the  bulk-crystal  limits,  i.e.  R  — >  0  and  R  — > 
and  the  limit  W  — >  <»,  are  correctly  reproduced  in  our  calculations.  To  the  best  of  our  knowledge,  the  present  paper 
provides  the  first  numerical  results  for  the  excited  states  of  the  D  center  in  semiconductor  quantum  dots. 
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Processes  of  emission  and  capture  of  charge  carriers  for  the  centers  with  negative-U  properties  have  some 
features  related  to  the  peculiarities  of  electronic  structure  of  the  defects.  Carrier  emission  or  capture  can  be 
followed  by  the  transformation  of  the  defect  configuration  and  subsequent  transition  towards  the  stable  state. 
Non-equilibrium  occupancy  statistics  for  the  negative-U  centers  are  generally  rather  complicated.  However, 
from  the  careful  study  of  the  capture  and  emission  kinetics  a  lot  of  important  information  on  the  electronic 
structure  of  the  defects  can  be  obtained. 

This  work  presents  the  results  of  study  of  electron  emission  and  capture  processes  for  an  amphoteric  (having  a 
donor  and  an  acceptor  levels)  hydrogen-related  center  with  negative-U  properties  in  crystalline  silicon.  This 
center  is  one  of  the  dominant  electrically  active  defects  in  irradiated  and  heat-treated  Si<0,H>  crystals.  Capacitance 
transients  techniques  (DLTS  and  ICTS)  were  used  to  investigate  the  above  processes  in  n-type  Cz-Si  crystals 
with  different  doping  levels. 

It  is  found  that  only  singly  negatively  and  singly  positively  charged  states  of  the  defect  are  stable.  But  for  the 
description  of  the  transition  process  between  these  states  thermodynamically  unstable  neutral  charge  state  should 
be  taken  into  account.  Two  local  energy  minima  in  configurational  space  are  found  to  be  present  for  this  state, 
i.e.,  a  metastable  neutral  charge  state  occurs.  Hence,  four  different  states  are  available  for  the  center. 

A  non-equilibrium  occupancy  statistics  for  the  negative-U  centers  with  such  an  electronic  structure  has  been 
developed.  It  is  shown  that  four  different  terms  can  be  dominant  in  the  equation  for  the  temperature  dependence 
of  time  constant  of  the  occupancy  transient  process  with  respect  to  the  Fermi  level  position  in  the  crystal.  Each 
of  the  terms  is  characterized  by  its  activation  energy  and  its  power  dependence  on  the  free  carrier  concentration. 

Experimentally  observed  emission  and  capture  kinetics  were  fitted  perfectly  by  applying  the  developed  statistics 
and  the  values  of  energy  barriers  for  the  electron  capture  and  emission  were  derived.  The  peculiarities  of  electronic 
structure  of  this  defect  are  discussed. 
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It  is  well  established  that  hydrogen  introduced  in  semiconductors  causes  significant  modifications  in  their  electrical 
and  optical  properties.  Recently,  we  have  found  that  a  pressurized  water  boiling  at  2  atmospheric  pressures  and 
120  °C  accelerates  hydrogenation  and  passivation  of  an  acceptor  B  in  Si[l].  In  this  study,  hydrogenation  has 
been  extended  to  10  atm  and  181  ®C. 

Chips  cut  from  1  x  10^ ^/cm^  implanted  (001)  p^  Si  wafers  were  boiled  in  deionized  water  in  a  stainless 
steel  autoclave  vepel  at  pressures  up  to  10  atm.  FTIR  measurement  shows  that  the  transmission  at  a  range  from 
2200  to  1500  cm"^  (which  corresponds  to  free  hole  absorption)  for  samples  boiled  for  6  hrs  gradually  increases 
from  that  for  unboiled  p+n  wafers  with  increasing  pressure  and  temperature  up  to  8  atm.  However,  above  8  atm, 
the  transmission  decreases  towards  1 0  atm.  Also,  the  sheet  resistance  for  p  layers  increases  due  to  B  passivation 
up  to  8  atm,  but  decreases  above  8  atm.  The  C-V  carrier  profile  also  shows  that  holes  near  the  surface  are 
gradually  depleted  with  increasing  pressure  up  to  8  atm,  but  partly  recover  above  800  °C.  On  the  other  hand, 
boiled  and  B  passivated  p+n  wafers  were  thermally  annealed  in  Ar  gas  isochronally  for  30  min  from  100  to  300 
°C.  Both  the  FTIR  transmission  and  the  sheet  resistance  gradually  return  from  150  °C  to  those  respective  values 
before  boiling.  In  particular,  there  has  been  observed  an  anneal  stage  from  175  to  225  ®C.  In  the  6  hrs  boiling 
experiment  mentioned  above,  hydrogenation  rather  decreases  above  8  atm  (176  °C).  These  behaviors  may  be 
understood  as  the  results  of  competing  effects  of  passivation  of  introduced  Hydrogen  and  the  dissociation  of 
Hydrogen  from  the  bond  center  site  between  B  and  Si. 

[1]  Y.  Ohmura,  Y.  Otomo,  Y.  Tago,  N.  Terakado,  and  T.  Satoh:  Appl.Phys.  Lett.  67, 64  (1995). 
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The  IR  analysis  of  Si:H  bond-stretching  and  bond-bending  local  vibrational  modes  in  proton-implanted  ciystalline 
silicon  are  performed.  New  data  on  the  identification  of  Si:H  bond-bending  absorption  bands  are  obtained. 

At  present  time  there  are  a  lot  of  experimental  and  theoretical  data  on  the  nature  of  bond-stretching  bands. 
However  the  analysis  of  bond-bending  spectra  is  very  difficult  because  of: 

-  bond-bending  Si:H  bands  in  the  range  500-800  cm'^  are  broad; 

-  the  bands  are  characterized  with  weak  or  unresolved  splitting; 

-  there  is  not  direct  correlation  with  behavior  of  the  bond-stretching  bands; 

-  there  is  a  very  intensive  phonon  absorption  in  the  bond-bending  range. 

In  comparison  with  bond-stretching  range  there  are  only  a  few  IR  bands  in  the  bond-bending  range.  This  fact 
indicate  that  the  bond-bending  vibrational  frequencies  of  complexes  with  similar  structure  may  be  closed  to 
each  other.  We  have  found  dose  dependence  and  annealing  behavior  correlation  between  total  intensities  for 
some  groups  of  bond-stretching  and  bond-bending  IR  bands. 

It  is  shown  that  bond-bending  Si:H  bands  are  split  into  two  separated  groups  related  to  vacancy-  and  interstitial- 
type  complexes  as  in  the  case  of  the  bond-stretching  bands.  The  bands  in  Jhe  range  580-690  cm  are  assigned 
with  vacancy-type  complexes  and  the  bands  in  the  range  710-780  cm’*  are  assigned  with  interstitial-type 
complexes.  The  main  bond-stretching  and  bond-bending  modes  correlated  with  each  other  are  following  (the 
frequencies  were  measured  at  room  temperature: 

a)  1950,  1960  cm’^  and  718,  750  cm’‘, 

b)  2104,  2120  cm’^  and  588,  610,  694  cm'* 

c)  2161,  2184  cm’*  and  588,  610,  668  cm  *, 

d)  2211  cm  *  and  634  cm  * 

The  dose  dependence  of  the  588  -  610  cm’*  doublet  correlates  with  the  dose  dependence  of  the  2161  and  2184 
cm’*,  but  the  increasing  of  the  588  and  610  cm’  doublet  intensity  upon  isochronal  annealing  in  the  range  400- 
450°C  correlates  with  the  annealing  behavior  of  the  2104  and  2120  cm  doublet.  Therefore  we  have  concluded 
that  the  corresponding  complexes  have  similar  structure  with  closed  frequencies  of  bond-bending  Si-H  modes. 
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Manufacturing  of  high  performance  poly-Si  thin  film  transistors  is  a  critical  process  for  the  next  generation  of 
active-matrix-liquid-crystal-displays.  High  density  of  grain  boundary  defects  and  interface  states  in  the  gate- 
oxide  strongly  deteriorate  transport  and  recombination  properties  of  poly-Si  films  and  prevent  to  design  thin- 
film  transistors  with  superior  parameters.  A  conventional  approach  of  post-deposition  plasma  hydrogenation  has 
problems  of  reliability  and  time  consumption.  These  problems  are  due  to  a  trap-limited  mechanism  of  hydrogen 
diffusion  in  poly-Si  films.  It  was  observed  recently,  that  the  process  of  a  hydrogenation  in  poIy-Si  thin  films  can 
be  improved  by  applying  the  low-temperature  ultrasound  treatment  (UST). 

A  strong  two  orders  of  magnitude  decrease  of  sheet  resistance  was  observed  in  as-deposited  hydrogenated 
LPCVD  films  after  UST  processing  at  temperatures  lower  than  lOOoC.  This  was  accompanied  by  the  improvement 
of  film  electrical  and  optical  homogeneity.  It  was  directly  observed  an  enhancement  of  hydrogen  passivation  of 
grain  boundary  defects  by  the  measurement  of  nano-scale  contact  potential  difference  mapping  using  an  atomic 
force  microscope.  In  550oC  thermally  recrystallized  films  containing  both  polycrystalline  phase  and  amorphous 
phase,  the  UST  promotes  a  strong  increase  of  a  total  photoluminescence  intensity  as  a  result  of  hydrogenation  of 
non-radiative  defects  (dangling  bonds).  The  most  dramatic  UST  effect  was  the  activation  by  a  factor  of  two 
orders  of  magnitude  of  a  “new”  luminescence  maximum  at  0.9eVat  uST  temperatures  from  150  to  280oC.  This 
process  requires  only  a  few  minutes  of  UST  processing  at  280oC.  The  activation  energy  of  this  UST  effect  is 
close  to  the  diffusion  energy  of  atomic  hydrogen  in  crystalline  silicon. 

The  UST  experiments  generated  a  background  to  propose  the  following  three-step  UST  mechanism:  (1)  ultrasonic 
vibrations  can  be  coupled  with  trapped  atomic  hydrogen  which  can  be  released  by  UST  from  traps  to  the  interstitial 
position;  (2)  this  is  following  by  a  fast  interstitial  diffusion  of  the  hydrogen,  and  (3)  accomplished  by  a  capture 
of  atomic  hydrogen  at  dangling  bonds. 
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Metastable  defects  have  been  created  by  light  exposure  in  thin  films  of  a-Si:H.  Effects  on  the  electronic  properties 
have  been  investigated  and  the  interpretation  is  based  on  a  proposed  recombination  model. 

Changes  in  the  defect  density  have  been  measured  by  Photothermal  Deflection  Spectroscopy  and  Electron  Spin 
Resonance  for  different  exposure  times.  The  samples  have  been  also  characterized  by  dark  conductivity  as  a 
function  of  temperature  and  photoconductivity  as  a  function  of  temperature  and  light  flux.  A  number  of  parameters 
have  been  monitored  along  the  photodegradation  process:  Fermi  level  position,  dangling  bond  density,  Urbach 
slope,  density  of  paramagnetic  centers,  photoconductivity  dependence  on  temperature  and  the  exponent  of  its 
light  intensity  power  dependence. 

The  experimental  results  are  consistent  with  numerical  calculations  with  a  recombination  model  [1]  involving 
band  tails  and  one  class  of  correlated  dangling-bond  states.  Effects  of  light-soaking  on  the  temperature,  light 
intensity  and  defect  density  dependences  of  photoconductivity  are  reproduced  by  the  model,  like  the  shift  of  the 
onset  of  thermal  quenching  and  the  faster  than  linear  decay  of  the  photoconductivity  magnitude  with  increasing 
defect  density.  The  calculations  allow  to  explain  light-soaking  effects  on  the  transport  and  recombination  properties 
of  a-Si:H  as  a  consequence  of  changes  in  the  electronic  occupation  of  the  gap  states  produced  by  light-induced 
defects. 

[1]  E.  Morgado,  Amorphous  Silicon  Technology- 1994,  Mat.  Res.  Soc.  Symp.  Proc.,  Vol.  336  (MRS,  Pittsburgh, 

1994)  p.419;  DefectDiffus.  Forum  134-135,  39  (1996), 

(work  supported  in  part  by  Junta  Nacional  de  Investigagao  Cientifica  e  Tecnologica,  contract  No.  PBIC/C/ 

CTM/I  385/92) 
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Substitutional  carbon  is  a  common  isoelectronic  impurity  in  silicon.  However,  when  it  traps  hydrogen,  it  becomes 
electrically  active  as  a  deep  donor.  Previous  calculations  have  shown  two  metastable  states  for  this  complex[l], 
with  very  similar  energies.  This  paper  uses  a  Car-Parinnello-like  molecular  orbital  dynamics  procedure  to  explore 
the  trapping  of  the  hydrogen  by  the  carbon,  the  stable  structures  for  the  neutral  and  the  charged  complexes,  and 
the  energy  barriers  between  the  states. 

Because  the  hydrogen  is  only  trapped  at  the  carbon  when  there  is  substantial  distortion  of  the  lattice  and  it  is 
much  lighter  than  the  host  atoms,  it  must  migrate  between  stable  sites  by  the  sort  of  lattice-activated  tunnelling 
mechanism  discussed  by  Flynn  and  Stoneham[2].  Its  trapping  energy  and  the  activation  energy  for  it  to  move 
between  sites  are  estimated  by  this  method. 

An  alternative  approach,  recently  used  for  the  self-interstitial  in  silicon[3],  is  a  molecular  dynamics  simulation 
in  which  the  modelled  silicon  lattice  is  held  at  a  high  temperature,  for  long  enough  for  the  hydrogen  to  move 
sites.  If  this  catenation  is  repeated  the  statistics  of  the  migration  step  can  be  built  up,  but  the  hydrogen  is  still 
being  treated  as  a  classical  particle.  A  direct  comparison  can  be  made  between  these  two  methods. 

The  di-carbon  defect  also  traps  hydrogen  which  stabilises  the  two  carbon  atoms  in  the  higher  energy  configuration 
(Cg-Ci,  the  A  form)  of  the  metastable  defect[4].  So  as  the  more  stable  structure  (Cs-Sij-Cs,  the  B  form)  traps  the 
hydrogen,  a  substantial  reordering  of  the  defect  must  take  place.  This  transformation  can  be  seen  directly  in  the 
simulation. 

Hydrogen,  whatever  site  it  occupies,  will  usually  have  local  vibrational  modes  (LVM)  associated  with  it.  The 
dipole  moment  of  the  defect  can  be  calculated  while  it  is  vibrating  within  the  simulation.  A  Fourier  transform  of 
the  time-dependence  of  the  dipole  moment  gives  a  good  prediction  of  the  infrared  spectrum  of  the  defect,  and 
can  be  compared  directly  with  the  experimental  LVM  spectrum. 

[1]  Dj.  M.  Marie,  P.  F.  Meier  and  S.  K.  Estreicher  (1993)  Phys.  Rev.  B47  3620  (1993) 

[2]  C.  P  Flynn  and  A.  M.  Stoneham  (1970)  Phys.  Rev.  B1  3966 

[3]  S.  J.  Clark  and  G.  J.  Ackland  (1997)  Phys.  Rev.  B  (to  be  published) 

[4]  A.  N.  Safonov,  E.  C.  Lightowlers,  G.  Davies,  P.  Leary,  R.  Jones  and  S. 
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We  report  the  first  direct  experimental  study  on  thermal  stability  and  diffusion  of  hydrogen  molecules,  H2,  in 
crystalline  silicon.  Recently  we  succeeded  in  direct  detecting  H2  in  crystalline  silicon  by  means  of  Raman 
spectroscopy  measurement. [1,2]  The  vibrational  line  (Q|.  4153  cm”  )  ^2  is  observed  in  crystalline  silicon 

hydrogenated  at  substrate  temperatures  between  180  and  500°C. 

In  order  to  investigate  thermal  stability  of  H2  we  have  performed  isochronal  and  isothermal  annealing  after  the 
remote  treatment  of  hydrogen-atoms  at  250°C  for  3  hours,  and  measured  changes  in  the  intensity  and  the  shape 
of  the  Qj  line  of  H2.  The  isochronal  annealing  was  performed  at  temperatures  ranging  from  300  to  500°C  for  20 
minutes.  The  intensity  of  the  Qi  line  of  H2  was  almost  constant  up  to  400°C,  indicating  that  H2  is  very  stable  in 
the  crystalline  silicon  up  to  400°C.  The  intensity  of  the  Qi  line  drastically  decreased  after  annealing  at  450°C 
and  disappeared  after  annealing  at  500°C.  The  line  width  of  the  Qi  line  was  large  (30-50  cm"^)  and  changed 
little  at  the  annealing  temperatures  from  300  to  450°C.  The  decrease  in  the  Raman  intensity  above  400°C  is  may 
not  be  due  to  the  dissociation  but  the  diffusion  of  H2  in  crystalline  silicon,  since  the  Qi  line  was  clearly  observed 
for  a  silicon  sample  hydrogenated  at  the  same  temperature  of  500®C.  The  idea  is  also  supported  by  isothermal 
annealing  experiment  at  400°C.  We  will  also  discuss  about  the  formation  and  diffusion  mechanism  of  H2  in 
crystalline  silicon  . 

[1]  K.  Murakami,  N.  Fukata,  S.  Sasaki,  K.  Ishioka,  M.  Kitajima,  S.  Fujimura,  J.  Kikuchi,  and  H.  Haneda,  Phys. 

Rev.  Lett.  77,  3161  (1996). 

[2]  N.  Fukata,  S.  Sasaki,  K.  Murakami,  K.  Ishioka,  M.  Kitajima,  S.  Fujimura,  and  J.  Kikuchi,  Jpn.  J.  Appl.  Phys. 
35,L1069(1996). 
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We  report  on  studies  of  the  electrical  properties  of  palladium-hydrogen  related  defects  in  n-  and  p-type  silicon 
using  Deep  Level  Transient  Spectroscopy  (DLTS).  Hydrogenation  of  the  samples  was  achieved  by  wet-chemical 
etching.  In  non-etched  Pd  doped  samples  we  find  three  levels:  the  acceptor  level  of  substitutional  palladium  in 
n-type  silicon  and  two  donor  levels  in  p-type  silicon  the  deeper  one  being  the  well-known  single  donor  of 
palladium  [1].  Both  donor  levels  agree  in  their  concentration  depth  profiles  before  and  after  etching  suggesting 
that  the  more  shallow  level  is  the  double  donor  state  of  substitutional  palladium. 

In  n-type  silicon  we  observe  after  etching  three  hydrogen-related  levels  accompanied  by  a  decrease  in  the  palladium 
acceptor  concentration.  The  new  levels  are  only  detected  in  the  region  close  to  the  sample  surface  where  hydrogen 
was  incorporated.  Due  to  differences  in  their  concentration  depth  profiles  we  relate  them  to  different  palladium- 
hydrogen  complexes.  These  complexes  are  stable  up  to  400  K,  but  dissociate  completely  at  temperatures  above 
600  K. 

In  p-type  silicon  an  additional  heat  treatment  after  wet-chemical  etching  is  needed  to  form  palladium-hydrogen 
related  defects.  After  10  min  annealing  at  400  K  we  observe  four  new  levels.  Depth  profiling  after  the  injection 
of  hydrogen  by  reverse  bias  annealing  shows  that  all  these  levels  are  formed  in  the  region  where  hydrogen  is 
located.  We  assume  that  at  least  two  of  these  levels  belong  to  the  same  palladium-hydrogen  complex. 

A  comparison  with  the  results  of  platinum  [2]  shows  that  both  the  transition  metals  do  not  only  occur  in  the  same 
charge  states  and  exhibit  almost  identical  energy  levels  for  the  isolated  defects,  but  also  show  similarities  in  the 
formation  of  transition  metal-hydrogen  complexes.  We  find  a  correlation  in  the  thermal  behavior  and  the  spatial 
distribution  for  hydrogen-related  centers  in  Pd  and  Pt  doped  silicon,  respectively.  However,  palladium  tends  to 
form  more  electrically  active  complexes  with  hydrogen  than  platinum. 

[1]  E.  Rubio,  J.  Vicente,  M.  Jaraiz,  J.  Arias,  L.  Bailon,  and  J.  Barbolla,  J.  Appl.  Phys.  69,298  (1991 )  and  references 
therein 

[2]  J.-U.  Sachse,  E.  O.  Sveinbjomsson,  W.  lost,  J.  Weber,  and  H.  Lemke,  submitted  to  Phys.  Rev.  B 
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One  of  the  standard  applications  of  deep-level  transient  spectroscopy  (DLTS)  is  to  investigate  spatial  distributions 
(redistributions)  of  defect  species  in  depletion  layers  of  diode  structures.  This  may  include  studies  of  impurity 
in-diffusion,  decorated  radiation  damage,  defect  interactions  etc.  In  this  work,  we  show  how  the  high  resolution 
offered  by  the  Laplace  DLTS  [1]  can  be  utilised  to  quantitatively  investigate  the  diffusion  broadening  of  delta 
layers  of  deep  donors  without  having  to  carry  out  defect-profiling  in  the  usual  way.  In  general,  the  Poole-Frenkel 
effect  for  defects  provides  a  convenient  transformation  between  an  emission-rate  scale  and  depth  scale.  As  a 
result,  in  our  case  the  technique  having  a  sufficient  emission-rate  resolution  allows  to  quantitatively  evaluate 
diffusion  lengths  in  the  micron  range.  This  approach  is  free  of  complications  coming  from  the  presence  of  the 
Debye-tail  which  (in  high  resistivity  material)  affects  DLTS  profiles  of  narrow  distributions.  We  demonstrate 
advantages  of  the  technique  in  the  case  of  the  donor  states  of  interstitial  hydrogen  in  silicon  [2].  These  states 
giving  rise  to  the  DLTS  signals  denoted  E3’  and  E3”  are  formed  by  ion-implantation  at  low  temperatures,  less 
than  80  K,  and  anneal  to  the  same  reservoir  state.  However,  both  states  can  be  recovered  after  annealing.  In  the 
case  of  E3’  by  the  forward-bias  hole  injection  and  in  the  case  of  E3”  by  illumination.  The  forward-bias  injection 
is  associated  with  athermal  diffusion  and  causes  that  the  primary  implantation  profile  broadens.  This  effect  of 
hydrogen  redistribution  is  clearly  revealed  in  the  peak  shapes  of  the  Laplace  spectra  and  is  here  used  as  an 
example  to  discuss  this  novel  diffusion  application  of  the  Laplace  technique. 

[1]  L.  Dobaczewski,  P.  Kaczor,  I.  D,  Hawkins,  and  A.R.  Peaker  J.  Appl.  Phys.  76  194  (1994) 

[2]  B.  Holm  ,  K.  Bonde  Nielsen  and  B.  Bech  Nielsen  Phys.  Rev.  Lett.  66  2360  (1991) 
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Hydrogen  molecule  is  observed  by  means  of  Raman  measurements  in  crystalline  silicon  hydrogenated  in  the 
downstream  of  a  hydrogen  plasma.  A  possible  trapping  site  for  hydrogen  molecule  is  the  tetrahedral  site  of 
silicon  crystal,  which  is  predicted  by  theoretical  calculations.  There  remains,  however,  another  possibility  that 
hydrogen  molecules  might  be  trapped  in  defects,  dislocations  or  voids  in  crystalline  silicon  formed  during 
hydrogenation.  In  the  present  study  we  have  examined  the  effect  of  defects  and  voids  on  the  formation  of 
hydrogen  molecule. 

Microcrystalline  (|Lic-Si:H)  and  amorphous  (a-Si:H)  silicon  samples  have  been  treated  with  atomic  hydrogen  for 
3  hours  at  substrate  temperature  4008C.  We  have  observed  the  vibrational  Raman  line  of  hydrogen  molecule  in 
microcrystalline  silicon  after  hydrogen  atom  treatment.  The  Raman  shift  and  width  of  the  vibrational  line  are 
very  similar  to  those  observed  in  crystalline  silicon  after  the  same  treatment,  while  its  intensity  relative  to  that  of 
the  optical  phonon  line  is  considerablly  smaller.  In  fl-Si:H,  no  Raman  signal  due  to  hydrogen  molecule  is  detected 
before  or  after  hydrogen  atom  treatment.  These  results  indicate  that  hydrogen  molecule  is  formed  and  trapped 
only  in  non-defective  bulk  crystal  of  silicon.  We  have  also  examined  silicon  crystal  implanted  with  doses  of 
IxlO^^-lxlO^^  H2^/cm^  and  an  energy  of  lOkeV  and  observed  no  Raman  signal  of  hydrogen  molecule;  this 
confirms  that  defects  and  dislocations  play  a  negative  role  in  the  formation  and  trapping  of  hydrogen  molecule. 

We  have  performed  ab  initio  calculations  on  hydrogen  molecule  in  silicon  using  cluster  model.  A  tetrahedral  site 
is  found  to  be  a  stable  trapping  site  for  hydrogen,  and  the  vibrational  frequency  of  the  hydrogen  molecule  is 
calculated  to  be  4393  cm’  ,  in  reasonable  agreement  with  the  experimental  result  in  crystalline  silicon.  Our 
calculation  supports  that  hydrogen  molecule  in  hydrogenated  crystalline  silicon  is  trapped  in  the  tetrahedral  site 
in  bulk  silicon  lattice. 
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Interstitial  carbon,  in  contrast  with  substititutional  carbon,  forms  defects  with  hydrogen  which  are  electrically 
active  and  stable  to  high  temperatures. initio  cluster  calculations  show  that  the  most  primitive  defect,  QH, 
diffuses  very  rapidly  and  is  expected  to  complex  with  many  other  impurities  notably  C,  H  and  O.  We  describe 
here  the  structure  and  properties  of  Ci^n^m  defects  where  n  and  m  are  less  than  3.  The  most  stable  defects  of  the 
type  CjCsHm  have  very  different  structures  when  m  =0  and  when  m  >  0.  In  the  former  case,  the  C-C  bond  is 
metastable  and  only  C-Si-C  bonds  are  formed.  However  in  the  second  case,  the  presence  of  a  H  atom  stabilises 
the  C-C  bond.  These  result  are  supported  by  experiment.  We  show  that  the  vibrational  modes  of  the  Cg-CiH 
defect  are  close  to  those  observed  for  the  T-photoluminescent  centre  and  this  defect  is  passivated  when  complexed 
with  a  further  H  atom.  This  defect  then  provides  the  first  example  of  a  fully  characterised  carbon  centre  containing 
a  C-C  bond. 
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The  effect  of  hydrogenation  on  the  energy  levels  of  silver  doped  n-  and  p-type  silicon  is  reported.  After  wet 
chemical  etching  new  hydrogen  related  deep  level  defects  are  formed  at  the  expense  of  the  substitutional  silver 
concentration. 

The  deep  level  spectrum  and  the  spatial  distribution  of  the  defects  are  measured  by  the  DLTS  technique  on 
Schottky  diodes.  We  observe  in  addition  to  the  donor  and  acceptor  level  of  substitutional  silver  several  other 
levels.  Four  new  centres  with  the  highest  concentration  are  observed  only  near  the  etched  surface  and  introduce 
the  levels  at  -  0.09,  E^  -  0.42,  Ey  +  0.27,  and  Ey  +  0.38  eV.  From  the  spatial  distribution  which  reveals 
features  opposite  to  those  of  silver  donor  and  acceptor  levels  and  the  annealing  behaviour,  we  ascribe  them  to 
hydrogen-silver  complexes.  More  than  fifty  percent  of  the  initial  silver  concentration  can  be  transformed  into 
these  complexes. 

A  detailed  study  is  presented  on  the  kinetics  of  formation  and  dissociation  of  the  complexes. 

A  comparison  is  made  with  the  hydrogen  complexes  formed  in  gold  doped  silicon. 
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STRUCTURE  AND  CHARGE-STATE-DEPENDENT  INSTABILITY  OF  A 
HYDROGEN-CARBON  COMPLEX  IN  SILICON 
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Hydrogen  injected  by  chemical  etching  into  silicon  forms  a  H-C  complex  acting  as  an  electron  trap  with  a  donor 
level  at  Ec-0. 1 5  eV.  We  have  done  DLTS  mesurements  under  uniaxial  stresses  to  study  the  symmetry  and  structure 
of  the  H-C  complex  and  the  bonding  nature  of  its  electronic  state.  Application  of  compression  stresses  up  to 
1 .2GPa  along  <1 1 1>  and<l  10>  directions  splitted  the  DLTS  peak  into  two  as  ratios  of  1 :3  and  2:2,  respectively, 
which  are  the  ratios  of  the  low-temperature  peak  to  the  high-temperature  one.  No  splitting  was  observed  under 
the  stress  of  0.9GPa  along  <100>direction.  These  results  clearly  indicate  the  trigonal  symmetry  of  the  H-C 
complex,  and  are  consistent  with  the  previously  proposed  model,  where  hydrogen  occupies  the  bond-centered 
site  between  carbon  and  silicon  atoms.  The  observed  ratio  of  1:3  of  the  splitting  under  <1 1 1>  stress  means  that 
the  compression  stress  along  the  bond  direction  raises  the  electronic  energy,  indicating  the  anti-bonding  nature. 
We  have  also  observed  stress-induced  preferential  alignment  of  the  complex,  which  was  aligned  by  the  annealing 
at  250K  for  50min  under  <1 10>  stress  to  the  high-temperature  DLTS  peak. 

We  have  studied  the  stability  of  the  complex  by  the  annealing  with  and  without  reverse  bias  applied  to  the 
Schottky  junction.  We  have  found  the  complex  is  stable  inside  the  depletion  region  and  is  unstable  outside, 
where  it  is  annihilated  with  an  activation  energy  of  0.7eV  and  a  frequency  factor  of 
10raisebox0.5ex7sraisebox0.5ex-l,  while  inside  the  activation  energy  is  L3eV  and  the  frequency  factor 
10raisebox0.5ex  1 4sraisebox0.5ex- 1 .  From  these  results,  we  have  concluded  that  the  complex  becomes  unstable 
by  capturing  an  electron  from  the  conduction  band  outside  the  depletion  region. 
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LOW-TEMPERATURE  HYDROGEN  DIFFUSION  IN  SILICON: 
INFLUENCE  OF  SUBSTRATE  QUALITY  AND  THE  SURFACE  DAMAGE 


Bhushan  L.  Sopori,  Marta  Symko,  Robert  Reedy,  and  Kim  Jones 
National  Renewable  Energy  Laboratory,  1617  Cole  Boulevard,  Golden,  CO  80401,  U,  S.  A. 

Hydrogen  passivation  of  defects  and  impurities  is  used  extensively  in  the  commercial  fabrication  of  silicon 
photovoltaic  devices.  In  spite  of  being  a  commercial  technology,  relatively  little  is  known  about  diffusion  and 
passivation  processes.  As  a  result,  the  behavior  of  hydrogen  in  silicon  continues  to  be  quite  intriguing.  For 
example,  in  silicon  solar  cells,  the  effect  of  hydrogen  passivation  occurs  readily  in  the  substrates  produced  by 
certain  vendors,  yielding  up  to  a  20%  increase  in  the  cell  performance.  However,  there  may  be  no  improvement 
observed  for  cells  fabricated  on  material  from  other  vendors.  Furthermore,  it  is  observed  that  passivation  also 
occurs  when  cells  go  through  a  low-temperature  anneal  in  a  hydrogen-containing  forming  gas  (FG)  ambient. 
These  observations  raise  two  very  important  questions  -  (i)  why  does  the  degree  of  passivation  vary  from  material 
to  material  in  spite  of  having  very  similar  impurity  and  defect  structures,  and  (ii)  why  does  the  FG  anneal  at 
temperatures  as  low  as  400  °C  (for  1  hr)  lead  to  very  effective  passivation.  We  have  carried  out  experimental 
investigations  aimed  at  solving  these  issues. 

Our  investigations  show  that  the  diffusivity  of  hydrogen  in  photovoltaic  (PV)  silicon  can  be  many  orders  of 
magnitude  higher  than  in  FZ  silicon.  The  diffusivity  increases  with  an  increase  in  the  crystal  growth  speed, 
increase  in  C  concentration,  and  a  decrease  in  the  O  concentration.  It  is  interesting  to  note  that  the  conditions 
that  enhance  vacancy  formation  in  silicon  also  enhance  hydrogen  diffusivity.  The  observed  results  can  be  explained 
by  assuming  hydrogen  diffusion  at  low  temperatures  occurs  via  a  vacancy  mechanism  by  the  formation  of  a 
hydrogen- vacancy  (H-V)  complex.  We  will  show  some  experimental  results  that  agree  with  the  H-V  mechanism 
for  hydrogen  diffusion.  This  mechanism  suggests  that  a  material  containing  high  concentrations  of  vacancy- 
related  defects  will  have  deeper  penetration  of  hydrogen  in  a  given  process,  thus,  leading  to  a  better  passivation. 
We  also  determined  that  hydrogen  diffusion  from  a  molecular  ambient  of  hydrogen  is  mediated  by  the  surface 
damage.  We  characterized  the  damage  needed  to  provide  sufficient  hydrogen  to  passivated  bulk  defects  in  PV 
silicon.  The  surface  damage  appears  to  assist  hydrogen  diffusion  in  two  ways — by  dissociating  the  molecular 
hydrogen  and  increasing  the  solubility  of  hydrogen  in  the  surface  layer.  A  plausible  explanation  for  the  role  of 
damage  is  that  H2  +  V  =»  (H-V)+  H'*’.  This  process  can  further  add  to  the  diffusion  by  creating  (H-V)  species. 

We  have  performed  experiments  on  silicon  substrates  grown  by  several  vendors  under  different  growth  conditions. 
The  results  are  based  on  SIMS  diffusion  profiles  of  hydrogen  and  deuterium  in  silicon  grown  by  different 
vendors  under  different  growth  conditions,  FTIR  absorption  spectroscopy,  TEM  analyses  of  surface  damage, 
minority  carrier  lifetime  measurements  by  RF-PCD  and  SPV,  CV  analyses.  Positron  annihilation  spectroscopy, 
and  solar  cell  analyses.  This  paper  will  present  experimental  results  that  support  the  above  hypotheses. 
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ZnO  has  been  widely  used  as  a  fluorescent  material  due  to  its  green  emission.  ZnO  also  has  the  potential  for  the 
UV  applications  with  its  excitonic  luminescence.  Since  these  two  luminescence  processes  are  competitive  and 
the  green  emisson  is  dominant  in  most  of  bulk  crystals,  control  of  deep  levels  is  indispensable  for  the  UV 
application.  We  succeeded  to  passivate  the  green  emission  and,  in  turn,  to  enhance  the  band  edge  luminescence 
of  ZnO  crystals  by  hydrogen  plasma  treatment. 

Nominally  und^ped  ZnO  crystals  were  grown  by  a  flux  method  using  PbF2  as  a  solvent.  Single  crystals  about 
10x10x0.3  mm  in  size  were  obtained.  They  were  then  annealed  at  1000°C  for  6  h  in  an  oxygen  ambient  to 
improve  the  uniformity  of  spatial  distribution  of  deep  levels  related  to  oxygen.  Hydrogen-plasma  treatment  was 
performed  at  about  400  °C  for  7  min.  The  luminescence  characteristics  of  ZnO  crystals  were  studied  by 
cathodoluminescence. 

CL  spectra  of  ZnO  crystals  before  hydrogenation  consist  of  a  sharp  peak  at  3.29  eV  and  a  broad  peak  centered  at 
2.2  eV.  They  are  due  to  the  band  edge  luminescence  and  the  green  emisson,  respectively.  The  integrated  intensity 
of  the  latter  is  more  than  10  times  higher  than  that  of  the  former.  The  spectrum  does  not  show  significant 
temperature  dependence. 

After  the  hydrogenation,  on  the  other  hand,  the  green  emission  is  completely  passivated  and,  in  turn,  the  band 
edge  luminescence  become  dominant.  [1]  The  intensity  of  band  edge  luminescence  is  8  times  higher  than  that 
before  hydrogenation  at  room  temperature.  The  band  edge  luminescence  increases  with  the  temperature  decrease 
and  its  intensity  at  30  K  become  more  than  1 00  times  higher  than  that  at  room  temperature.  Rough  estimation 
suggests  that  the  number  of  the  emitted  photon  is  more  than  several  tenth  of  the  number  of  excited  electron  hole 
pairs  generated  by  the  electron  beam. 

Similar  effect  of  hydrogenation  was  found  in  the  sintered  ZnO. 

[1  ]  TSekiguchi,  N.Ohashi  and  Y.Terada,  Jpn.  J.  Appl.  Phys,  to  be  published  (1997) 
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Key  words:  GaP,  N-H,  defects,  semiconductors,  LED 

Nitrogen  in  GaP  is  an  isoelectronic  acceptor.  It  is  much  more  electronegative  than  phosphorus,  forming  bound 
excitons.  It  has  made  possible  the  fabrication  of  LEDs  from  an  indirect  band  gap  material.  A  spectroscopic  study 
[1-2]  of  the  complexes  resulting  from  the  passivation  of  the  nitrogen-hydrogen  complexes  involve  one  nitrogen 
and  two  hydrogens,  in  symmetry,  and  can  exist  in  three  different  states,  two  of  them  corresponding  to 
different  charged  states.  In  one  state  nitrogen  isotopic  shifts  of  local  modes  show  taht  both  hydrogens  are  bonded 
to  nitrogen.  The  nitrogen  five-fold  coordinated,  a  surprising  result,  was  never  found  in  organic  molecules.  We 
investigated  this  result  using  ab-initio  theory.  We  performed  ab-initio  calculations,  using  Local  Density 
Approximation  and  pseudo-potentials,  on  a  HNHGa22P2iH42  duster.  For  the  neutral  electric  charged,  we  obtained 
2  stable  configurations:  A  -  The  lowest  total  energy  one,  both  hydrogens  are  bonded  to  nitrogen;  B-  The  other, 
0.6  eV  higher,  the  hydrogen  at  the  bond  centred  position  is  bonded  to  Ga,  in  a  way  that  resembles  H2*  in  Si.  For 
the  negatively  charged,  we  obtained  the  B  configuration  and  for  the  double  negatively  charged,  we  obtained  the 
A  configuration,  with  a  H(bc)-N  bond  length  unusually  large.  Our  ab-initio  results  show  that  for  two  different 
charged  states,  nitrogen  is  five-fold  coordinated,  in  accordance  with  experiment. 

[1  ]  W.-S.  Hahn  et  al  1 994,  Materials  Science  Forum  143-147, 211. 

[2]  B.  Clerjaud  et  a!  1996,  Phys.  Rev.  Lett.  77, 4930. 
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Previously  unobserved  bands  are  investigated  in  low-temperature  photoluminescence  of  Ti-doped  ZnTe  crystals. 
The  IE  ^£(0)  transition  of  the  Ti  (3d  ‘)  ion  displays  three  zero-phonon  lines  (zpl)  at  3903,  4013  and 

4103  cm'*;  the  weak  ^T^CF)  IE  ^A/F)  band  of  Ti  (3d  exhibits  a  single  zpl  at  2855  cm  -'.Zeeman  measurements 
show  a  threefold  splitting  of  the  isotropic  Ti  line  and  a  further  splitting  of  the  Ti  lines.  In  Ni  co-doped 
crystals  the  known  PL  bands  of  Ni  (3d  *)  at  3840  cm  ■'  and  Ni  (3d  ’)  at  3095  cm  ■'  occur  in  addition.  After 
cooling  these  crystals  to  4  K  in  the  dark,  practically  only  the  luminescence  of  the  singly  ionized  donor  Ti  is 
observed.  The  characteristic  luminescence  of  Ti  2+  appears  only  after  irradiation  with  light  (bam  >  7000  cm  '). 
The  appearance  of  the  Ti  luminescence  is  interpreted  as  due  to  the  charge-transfer  reaction  Ti  -t-  hn  yETi 
e%g.  Sensitization  spectra  show  that  the  charge  state  Ti  is  metastable  at  low  temperatures  (4  K),  decaying 
slowly  (t  -  1000  s)  back  into  Ti  This  decay  cannot  be  induced  by  irradiation,  EPR  investigations  confirm  the 
charge-transfer  behaviour  outlined  above.  Under  irradiation,  the  isotropic  signal  of  Ti  at  g=  1.9 139  which  is 
present  in  thermal  equilibrium  at  4  K,  is  reduced  in  favour  of  the  photo-stimulated  Ti  2+  signal  at  g=  1,9255. 
Excitation  and  sensitization  spectra  are  discussed  in  one-particle  models  for  the  involved  ionization  states  of  Ti 
and  Ni. 
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The  problem  of  defect  centers  controlling  performance  of  the  devices  made  of  II- VI  compounds  has  been 
extensively  studied  for  last  two  decades.  In  this  paper  we  present  the  results  of  our  investigation  of  deep  level 
defects  in  bulk  Cdo.99Mno.oiTe  mixed  crystal.  Samples  used  in  this  wgrk  w|re  n-ty^e  Ga  doped  crystals  grown 
by  the  Bridgman  method  with  net  donor  concentration  equal  about  1 0  cm  and  10  cm  .  The  measurements 
were  performed  by  Deep  Level  Transient  Spectroscopy  (DLTS)  method.  Schottky  diodes  used  for  the  investigation 
were  thick  Au  diodes  deposited  in  vacuum  of  10'^  Torr  on  chemically  prepared  surface .  For  ohmic  contacts  dots 
of  indium  were  soldered  in  temperature  of  about  500  K  for  several  seconds  . 

In  the  material  with  higher  donor  concentration  five  electron  traps  have  been  found  with  activation  energies 
equal  to  El  =  0. 15  -  0.2  eV,  E2  =  0.33eV,  E3  =  0.36eV,  E4  =  0.52eV.  Electric  field  enhanced  electron  emission 
from  the  level  E4  has  been  observed  and  described  in  terms  of  Frenkel-Pool  mechanism. 

In  the  as-grown  samples  with  lower  concentration  only  one  dominant  level  with  energy  activation  E5=  0.63eV 
has  been  observed  in  DLTS  measurements.  After  annealing  the  as-grown  samples  at  temperature  400K  for  one 
hour  the  concentration  of  the  defect  responsible  for  the  level  E6  decreased  and  two  additional  minima  in  DLTS 
signal  appeared  with  energy  activation  E6=  0.65eV  and  E7=  0.74  eV.  The  trap  E5  has  an  acceptor-like  (-/O) 
character.  The  capture  process  of  electrons  on  this  trap  is  thermally  activated  with  a  capture  barrier  of  0.21  eV 
indicating  strong  electron-phonon  coupling.  This  yields  the  true  energetic  distance  of  the  E5  level  from  conduction 
band  as  equal  to  0.42  eV. 


Programme  and  abstracts  book  *181 


POSTER!  -90 
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The  success  in  fabricating  p-type  ZnSe  by  means  of  MBE  and  MOVPE,  with  the  subsequent  presentation  of  the 
first  laser  diode  in  the  blue-green  [1]  has  sparked  vast  activities  in  investigating  the  microscopic  properties  of 
potential  acceptor  impurities  like  N  and  Li  in  this  material.  Donor  doping  of  ZnSe,  on  the  other  hand,  is  considered 
a  question  of  much  lesser  technological  interest,  since  several  group  VII  elements  yield  carrier  concentrations  of 
up  to  10  /  cm  It  should  be  kept  in  mind,  however,  that  concerning  the  n-type  doping  of  ZnSe,  there  are  still 

a  lot  of  fundamental  questions  to  be  answered.  Using  the  ^oup  III  elements  Al,  Ga,  or  In  as  donors,  the  maximum 
carrier  concentrations  are  limited  to  only  10  ^  /  cm^;  for  B,  the  group  III  doping  element  in  elemental 
semiconductors,  there  are  not  even  numbers  available  in  the  literature.  It  is  the  purpose  of  the  present  investigation 
to  study  the  behaviour  of  B  implanted  into  ZnSe  with  special  regards  to  its  suitability  as  a  donor  element. 

Spin  polarized,  radioactive  *^B  nuclei  (T]/2  =  29  ms,  nuclear  spin  1=1)  are  produced  in  a  nuclear  reaction  and 
recoil  implanted  into  nominally  undoped  ZnSe  at  negligible  concentrations.  Temperature  and  orientation  dependent 
p-radiation  detected  NMR  measurements  on  these  probe  nuclei  allow  the  following  conclusions: 

A  large  fraction  (>  80%)  of  the  implanted  boron  ends  up  at  substitutional  Zn  sites. 

This  B^^  is  in  the  diamagnetic  charge  state  B^^ '.  At  least  from  300  K  on,  therefore,  the  desired  donor  is 
indeed  electrically  active. 

-  The  full  Tj  symmetry  of  the  site  is  maintained.  There  is  no  reduction  in  symmetry  which  could  result  in 
a  deep  instead  of  a  shallow  donor. 

-  Only  a  very  modest  post-implantation  annealing  is  needed  to  populate  the  unperturbed  Zn  sites.  As 
activation  parameters  for  this  process  we  find  an  activation  energy  and  a  preexponential  factor  of  E^  = 
0.61(3)  eV  and  n^  =  10  ^”(3)5  respectively.  These  values  mean  that  already  15  min  at  T  =  380  K  are 
sufficient,  certainly  an  important  fact  for  this  temperature  sensitive  material. 

-  Once  it  reached  its  lattice  position,  B^^  is  thermally  stable.  Up  to  950  K  we  could  not  detect  any  mobility 
(detection  limit:  100  jumps/s). 

In  summary  we  find  that  microscopically  all  prerequisites  for  the  use  of  boron  as  a  donor  element  in  ZnSe  are 
fulfilled.  Only  future  experiments  can  show,  however,  if  these  conclusions  for  extremely  diluted  boron  remain 
valid  if  higher  implantation  doses  are  used. 

[1]  M  A  Haase,  J  Qiu,  J  M  DePuydt,  and  H  Cheng  1991  AppL  Phys.  Lett.  59  1272 
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[100]-oriented  ZnSe  crystals  have  been  irradiated  at  4K  with  2.5  MeV  electrons  up  to  a  highest  dose  of  2  10*^  c 
/cm^  The  irradiation  induced  defects  and  their  thermally  activated  reactions  have  been  investigated  by 
measurements  of  the  diffuse  scattering  close  to  different  Bragg  reflections  and  of  the  change  of  the  lattice 
parameter.  Similar  to  the  observations  with  other  semiconductors  these  measurements  yield  large  defect 
introduction  rates,  which  are  of  the  order  of  3  cm'*,  and  small  relaxation  volumes  of  the  defects.  The  distribution 
of  the  diffuse  scattering  intensity  indicates  the  predominance  of  close  Frenkel  pairs.  In  contrast  to  the  observations 
with  the  elemental  semiconductors  there  is  an  increase  of  the  lattice  parameter  with  irradiation  dose  which 
indicates,  that  there  is  no  complete  cancellation  between  the  displacement  fields  due  to  vacancies  and  interstitial 
atoms.  Averaging  over  all  defects  we  obtain  a  positive  relaxation  volume  for  the  interstitial  of  =  0.4  atomic 
volumes  and  for  the  vacancy  a  negative  value  of  =  -0.25  atomic  volumes. 

We  observe  two  well  defined  low  temperature  annealing  stages  which  are  located  between  20K  and  50K  and 
between  lOOK  and  220K  respectively,  and  which  account  for  the  annealing  of  about  40%  of  the  defects  each. 
Only  the  second  stage  has  been  observed  so  far  and  has  been  attributed  to  the  recombination  of  close  Frenkel 
pairs  on  the  Zn-sublattice  /!/.  Therefore  we  attribute  the  new  low  temperature  stage  to  the  recombination  of  close 
Frenkel  pairs  of  the  Se-sublattice.  Remarkably  this  first  observation  of  Frenkel  pairs  on  the  Se-sublattice  yields 
a  similar  concentration  and  size  for  the  Frenkel  pairs  for  both  sublattices.  We  attribute  the  annealing  up  to  room 
temperature  to  the  mobility  of  the  interstitial  atoms  and  observe  the  formation  of  small  interstitial  clusters  by 
those  interstitials  which  escape  recombination.  Along  with  the  beginning  of  the  vacancy  migration  we  observe 
total  annealing  in  the  temperature  range  between  400K  and  650K. 

/!/  G.D.  Watkins,  in:  Electronic  Structure  and  Properties  of  Semiconductors,  Vol.4  of  Materials  Science  and 
Technology  (W.Schroeter,  Ed,  VCH,  Weinheim  1992)  p.l05 
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The  origin  of  defects  induced  by  plastic  deformation  of  CdS  single  crystals  was  investigated  by  low-temperature 
cathodoluminescence  (LT-CL/SEM),  which  permitted  us  to  distinguish  between  screw  (luminous)  and  edge 
(non-luminous)  dislocations,  and  by  deep  level  capacitance  spectroscopy.  Dislocation  structures  around 
microindentations  of  different  surfaces  of  a  sample  with  wurtzite  structure  were  reconstructed  from  CL/SEM 
data.  The  ratio  between  different  types  of  dislocations  in  the  near-surface  layer  could  be  changed,  choosing  of 
the  orientation  of  the  indented  surface  and  removing  surface  layers  of  increasing  thickness.  This  allowed  us  to 
prepare  Schottky  diodes  with  7-8  significantly  different  dislocation  structures  in  the  space-charge  region  of  the 
Schottky-diode.  Up  to  14  different  DLTS-peaks  appeared  after  plastic  deformation.  Correlations  between  the 
amplitude  of  separate  DLTS  peaks  and  concentrations  of  particular  types  of  dislocations  were  established.  Deep 
levels  due  to  edge  prismatic,  p-edge  and  screw  dislocations  were  identified.  As  only  three  deep  levels  were  due 
to  particular  types  of  dislocations,  the  other  centers  could  be  attributed  only  to  point  defects,  either  generated  or 
activated  by  dislocation  loops.  This  experimental  fact  gives  direct  evidence  that  the  activity  of  dislocations  in 
CdS  is  due  to  impurities  and  point  defect  clusters  rather  than  the  core  states  of  dislocations  themselves.  Surprisingly, 
it  was  found  that  the  main  electron  trap  in  dislocated  CdS  is  due  to  screw  dislocations  which  are  usually  expected 
to  be  electrically  inactive. 

Detailed  studies  of  screw-dislocation  related  centers  revealed  that  these  centers  surrounded  screw  dislocations 
and  exhibited  large  lattice  relaxation  upon  capture  of  a  charge  carrier.  This  led  to  a  significant  underestimation 
of  its  concentration  in  previous  papers  on  deep  levels  in  CdS.  Capacitance  studies  of  emission  and  capture 
processes,  photo-capacitance  studies  of  optical  emptying  of  the  center  and  Hall  effect  measurements  revealed 
that  the  center  has  all  essential  properties  of  the  DX-center.  A  model  was  suggested,  in  which  the  DX  level  of 
substitutional  donors  becomes  detectable  in  the  vicinity  of  screw  dislocations  under  the  influence  of  their  strain 
fields. 
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Recently,  the  metastable,  DX  like  behaviour  of  the  indium  donor  in  CdTe  at  low  temperatures  was  demonstrated. 
However,  the  microscopic  model  of  this  centre  and  its  charge  state  were  not  verified  experimentally  up  till  now. 

In  this  work  we  investigate: 

•  the  electron  concentration  and  mobility  V5.  applied  hydrostatic  pressure  (HP)  in  the  temperature  range  of 
77  K  -  300  K , 

•  the  electron  emission  from  DX  state  under  HP  after  filling  this  level  by  freeze-out  under  high  hydrostatic 
pressure  (HPFO) 

•  electron  capture  by  the  DX  state  under  HP  in  steady-state  photo-conductivity  experiments 
on  CdTeiln  layers  grown  by  MBE  with  the  In  doping  level  in  the  range  5*10'^  -  2*  10‘*  cm'L 

Results  for  the  Hall  effect  after  an  HPFO  cycle  and  photo-conductivity  measurements  under  pressure  up  to 
20  kbar  demonstrate  that  the  DX  state  is  occupied  by  two  electrons:  agreement  on  the  position  of  the  top  of  the 
barrier  as  seen  from  emission  experiments,  on  one  hand,  and  capture  experiments,  on  the  other  hand,  is  obtained 
only  when  a  two-electrbn  process  is  assumed  for  the  thermal  emission  from  the  deep  DX  state. 

The  barrier  for  electron  emission  from  the  DX  state  increases  with  applied  pressure  p,  according  to:  Eeni(p)= 
255  meV-i-p*8.5  meV/kbar. 

A  microscopic  model  and  the  configuration  coordinate  diagram  for  the  DX  state  of  In  in  CdTe  are  presented  and 
compared  with  that  of  DX  centers  in  III-V  compounds. 
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In  and  then  Ga  donors  in  CdF2  were  the  first  fully  characterised  bistable  donors  in  semiconductors.  Recent  first 
principle  computations  by  Song  et  al,  (1995)  confirmed  the  basic  feature  of  the  early  model  of  bistable  donors  in 
CdF2,  namely  the  existence  of  the  symmetric  large  lattice  relaxation  (the  lattice  collapses  onto  the  In  (Ga) 
positively  charged  core  upon  the  defect  photoionisation)  and  the  vibronic  barrier  separating  the  two  bound  states 
of  the  donor:  deeper  -  localised  and  shallower  -  hydrogenic,  effective  mass  state.  In  case  of  In,  the  theory 
reproduces  well  the  energy  levels  and  the  barrier,  while  for  the  deeper  Ga,  the  barrier  height  is  strongly 
underestimated.  Although  a  standard  one-electron  defect  model  of  these  donors  explains  well  most  of  the 
experimental  data,  it  cannot  reconcile  lack  of  the  ESR  signal  for  the  donor  in  the  ground  localized  state.  Only 
upon  illumination  the  ESR  signal  appears  and  it  is  unambiguously  related  to  the  effective  mass  shallower  bound 
metastable  state  of  the  donor.  Such  a  behavior  is  similar  to  that  for  the  standard  DX  centers  in  III-V  and  II-VI 
compounds  and  could  be  one  of  the  hints  for  the  negative  U  character  of  these  states.  It  should  be  pointed  out 
that  a  negative  U  character  of  the  DX  centers  comes  from  a  covalent  bond  breaking  and  is  one  of  the  features  of 
the  sp3  bond  at  defects. 

To  clarify  the  situation  we  measured  the  temperature  dependence  (  4  <T  <  300  K)  of  the  magnetic  susceptibility 
of  CdF2  bulk  crystals  doped  with  In  or  Ga  in  darkness  and  upon  illumination.  At  temperatures  at  which  metastable 
donor  photo  transformation  occurs,  magnetic  susceptibility  increases  and  it  follows  a  Curie  law.  Qualitatively 
this  effect  agrees  with  a  hypothesis  of  a  two-electron  character  of  the  relaxed  ground  state  of  the  bistable  donors 
in  CdF2  crystals.  However,  a  different  type  of  bonding  implies  that  another  mechanism  should  be  responsible 
for  the  electron  pairing  (different  relaxation)  than  for  the  DX  centers  in  III-V  compounds.  As  such  a  behavior 
was  neither  predicted  by  the  available  theoretical  results  and  did  not  have  simple  and  intuitive  explanation  for 
the  highly  ionic  host,  we  attempted  to  make  a  quantitative  analysis  of  the  photoinduced  magnetism.  By  assuming 
that  additional  paramagnetism  comes  from  non  interacting  shallow  donors  with  spin  S=l/2,  their  concentration 
was  computed  (it  is  in  the  1019  cm-3  range)  and  compared  with  that  estimated  from  other  measurements:  the 
shallow  donor  states  photoionisation  and  the  Hall  effect.  Agreement  is  satisfactory.  However  in  all  our  samples 
Mn  was  additional  dopant.  It  is  plausible  that  a  ferromagnetic  coupling  occurs  between  spin  5/2  of  the  Mn  and 
spin  _  of  the  shallow  donor  (its  extended  wavefunction  allows  for  an  overlap  and  thus  exchange  interaction  with 
the  localized  Mn  wavefunction).  Such  interaction  produces  spin  molecule  with  the  effective  spin  S=3  and 
effectively  increases  the  magnetic  susceptibility  (proportional  to  S(S+1)).  It  may  thus  provide  an  alternative  to 
the  negative  U  explanation  of  the  experiment.  A  detailed  quantitative  analysis  of  the  observed  photomagnetism 
will  be  presented  at  the  conference. 
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Donors  in  CdF2  recently  received  considerable  attention  because  of  their  metastable  character  which  implies 
their  applicability  for  optical  memories:  both  In  and  Ga  exhibit  2  different  donor  states  which  are  separated  by 
a  barrier.  In  the  case  of  Ga  this  barrier  is  effective  up  to  room  temperature  in  this  optically  transparent  material 
(EG>8eV). 

In  this  paper  we  present  the  results  of  photo-EPR  investigations  on  CdF2  doped  intentionally  by  either  Ga  or  In, 
and  unintentionally  also  by  Mn.  We  observe  the  resonances  of  both  the  shallow  donor  state  and  that  of  Mn. 

The  EPR  spectrum  of  the  shallow  donor  state  occurs  only  after  illumination  and  it  vanishes  after  heating  the 
sample  in  darkness  above  the  critical  temperature  for  metastability,  Tm-  Below  Tj^,  we  find  clear  indications  for 
motional  narrowing  of  the  EPR  linewidth:  thermal  hops  of  a  conduction  electron  from  one  donor  to  another 
leads  to  a  time  averaging  of  the  fluctuating  local  (hyperfine)  fields.  As  a  function  of  temperature,  the  EPR 
linewidth  changes  with  an  activation  energy  equal  to  that  of  the  electrical  conductivity  which  proves  that  indeed 
we  observe  the  shallow  donor  resonance  and  its  metastable  population. 

The  spin  of  Mn  impurities  and  their  concentration  in  CdF2  is  not  photo-sensitive  but  their  EPR  spectrum  changes 
considerably  after  sample  illumination:  it  increases  strongly  in  amplitude.  We  show  that  these  changes  originate 
from  a  specific  mechanisms  of  spin  relaxation:  filling  the  shallow  donor  states  opens  a  most  effective  channel  of 
spin  relaxation  via  sp-d  exchange  coupling  between  the  localized  Mn  spins  and  effective  mass  electrons.  Shortening 
of  the  spin-lattice  relaxation  time  reduces  the  saturation  and  thus  increases  the  signal  due  to  Mn. 

18  -3 

The  concentration  of  Mn  is  of  the  order  of  10  cm’  -  too  small  to  affect  the  shallow  donor  state  (as  it  is  the  case 
in  diluted  magnetic  semiconductors),  but  they  can  be  treated  as  useful  “detectors”  in  the  presence  of  shallow 
donor  electrons. 

We  were  not  able  to  find  any  trace  of  an  EPR  spectrum  (nor  any  spin  relaxation  channel)  which  could  be 
attributed  to  the  deep  donor  state  indicating  that  the  deep  state  is  a  non-magnetic,  two-electron  state  with  the 
microscopic  nature  similar  to  negative  U-  DX  states  which  are  observed  in  III-V  compounds. 
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A  detailed  study  is  presented  about  the  formation  of  Frank  partial  dislocations  in  ZnSe/GaAs  (001)  grown  by 
molecular  beam  epitaxy  (MBE).  The  investigations  were  carried  out  by  transmission  electron  microscopy  (TEM), 
reflection  high  energy  electron  diffraction  (RHEED)  and  quadrupole  mass  spectrometry  (QMS). 

The  Ga As- substrates  are  pretreated  in  two  steps:  a  wet  chemical  etching  and  a  subsequent  treatment  with  a 
hydrogen(H)-plasma  in  the  growth  chamber.  Plan-view-TEM  micrographs  reveal  a  strong  dependence  of  the 
Frank  partial  dislocation  density  on  the  time  of  chemical  etching  as  well  as  on  the  substrate  temperature  during 
H-plasma  etching.  Without  further  precautions  the  RHEED  pattern  show  thus  a  (2xl)-reconstruction.  However, 
if  the  H-plasma  treatment  proceeds  under  Zn-stabilised  conditions  the  (2xl)-reconstruction  disappears  and, 
furthermore,  the  generation  of  Frank  partial  dislocations  in  the  growing  layer  is  reduced.  Since  the  (2x1)- 
reconstruction  results  from  the  formation  of  a  Ga2Se3-layer  at  the  interface,  it  is  suggested  that  the  presence  of 
Zn-atoms  suppresses  the  formation  of  Ga-Se-bonds.  The  Se-source  for  the  Ga2Se3-formation  is  found  in  small 
amounts  of  H2Se,  which  is  observed  in  QMS-spectra  during  the  activation  of  the  H-plasma-source.  The  H^Se- 
partial  pressure  can  be  reduced  drastically  by  cooling  the  cryo-shields  in  the  growth-chamber  with  liquid  nitrogen. 
After  optimising  the  substrate  preparation  on  the  line  just  described  we  succeeded  in  a  reduction  of  the  Frank 
defect  density  from  40 1 0^  to  60 1 0*^  cm'^.  Thus  a  pseudomorphic  growth  of  the  ZnSe-layers  has  been  achieved  up 
to  a  thickness  of  400  nm. 
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In  this  contribution  we  present  a  study  aimed  at  investigating  the  basic  properties  of  radiation  induced  defects  in 
ZnO,  ZnS,  ZnSe,  and  ZnTe  and  at  comparing  them  to  those  intrinsic  to  these  materials.  Positron  annihilation 
experiments  were  performed  on  both  single-  and  polycrystalline  samples,  irradiated  with  1  MeV  electrons  at  70 
K  or  3  MeV  protons  at  223  K.  Combined  positron  lifetime  and  Doppler-broadening  measurements  were  conducted 
as  a  function  of  measuring  temperature  down  to  10  K  before  and  after  annealing  to  explore  the  detailed  physical 
nature  of  the  induced  defects  and  their  respective  charge  states.  The  isochronal  annealing  was  done  in  air  or  in  an 
Ar  atmosphere.  It  was  found  that  both  electron  and  proton  irradiation  caused  significant  changes  in  the  positron 
annihilation  characteristics  and  several  annealing  stages  were  observed,  related  to  the  annealing  of  variously 
sized  vacancy  complexes.  The  thermal  stabilities  of  the  induced  defects  as  well  as  possible  clustering  mechanisms 
will  be  discussed. 
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CdS  -doped  Si02  films  (semiconductor  volume  fraction  f=0. 1-15%)  were  grown  on  glass  substrates  by  magnetron 
rf-sputtering  with  post-deposition  annealing.  X-ray  studies  indicated  cubic  modification  of  CdS  in  the  films. 
Optical  transmission  measurements  showed  a  marked  blue  shift  of  the  interband  absorption  of  CdS  due  to  the 
spatial  confinement  of  carriers.  Our  previous  studies  of  films  with  larger  CdS  fraction  (6-15%),  in  particular,  by 
means  of  FIR  spectroscopy,  lead  us  to  the  conclusion  that  these  films  contain  fractal  aggregates  of  nanocrystalline 
particles. 

Raman  spectra  of  the  films  were  taken  ar  20-300K  using  various  lines  of  an  Ar  laser.  They  show  broadened 
peaks  corresponding  to  CdS  LO  phonons  as  well  as  to  2LO  and  3LO.  The  main  peak  is  practically  unshifted 
with  respect  to  the  bulk  LO  phonon  frequency  and  the  lineshape  is  rather  asymmetric  for  all  the  films  studied.  It 
was  fitted  fairly  well  by  considering  LO-type  phonon  modes  confined  in  nanocrystalline  spheres  and  taking 
account  of  those  with  1=0  and  n  >1, 1  and  n  being  the  spherical  quantum  numbers,  which  are,  in  fact,  responsible 
for  the  low-frequency  wing.  This  model  seems  to  be  natural  for  films  containing  less  than  1  %  of  CdS. 

However,  in  accordance  with  the  aggregate  hypothesis,  there  is  no  much  reason  to  consider  the  stuck  nanocrystals 
as  regular  spheres  for  films  with  f~10%.  Model  lattice  dynamics  calculations  have  been  performed  for  CdS 
clusters  of  irregular  shape,  including  some  voids.  The  numerically  calculated  results  are  shown  to  be  able  not 
only  to  fit  equally  well  the  LO  Raman  lineshape,  but  also  to  explain  an  extra  feature  appearing  in  the  experimental 
spectra,  interpreted  as  a  disorder-actived  acoustic  (DALA)  mode.  Out  model,  although  including  only  nearest- 
neighbour  interactions,  produces  both  the  DALA  and  (gap)  surface  modes  in  the  calculated  Raman  spectra. 
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Silicon  dioxide  Si02  is  a  premier  material  in  semiconductor  science  and  technology.  Silicon  would  not  have 
been  used  as  the  dominant  electronic  material  in  technology  without  the  high  quality  of  its  oxide.  More 
fundamentally,  Si02  possesses  both  ionicity  and  covalency  so  that  understanding  of  its  properties,  in  particular 
the  properties  of  defects,  would  lead  to  an  unified  view  of  non-metallic  materials.  Little  is  known,  however, 
about  microscopic  nature  of  intrinsic  defects  in  Si02-  In  this  work,  we  report  total-energy  electronic-structure 
calculations  within  local  density  approximation  (LDA)  in  density  functional  theory  performed  for  oxygen  vacancy 
Vq  in  a  quartz.  We  find  (i)  that  the  oxygen  vacancy,  which  is  theoretically  shown  here  to  be  most  abundant  in 
the  material,  has  a  variety  of  charge  states  from  +2  to  -2  depending  on  the  location  of  the  Fermi  level  in  the 
energy  gap,  (ii)  that  for  neutral  and  +1  charge  states  the  oxygen  vacancy  shows  structural  bistability  where  two 
neighboring  Si  atoms  form  a  bond  in  one  geometry  (  small  relaxation  ),  and  in  the  other  geometry  ( large 
relaxation  )  one  of  the  two  Si  is  displaced  to  a  back-bond  oxygen  atom,  (iii)  that  the  geometry  with  small 
relaxation  becomes  unstable  for  +2,-1,  and  -2  charge  states  whereas  the  geometry  with  large  lattice  relaxation 
remain  (meta)stable,  and  (iv)  that  a  set  of  the  charge  states  {  +2,  +1 , 0  }  forms  an  effective-negative-U  system  in 
which  ionicity  as  well  as  covalency  plays  an  important  role. 

Calculations  have  been  carried  out  by  use  of  normconserving  pseudopotentials  and  LDA  combined  with  conjugate- 
gradient  minimization  technique  as  reported  elsewhere[l].  A  point  defect  in  an  otherwise  perfect  crystal  is 
simulated  by  a  repeating  supercell  model.  We  use  a  54-atom  triclinic  supercell  for  defects  in  a  quartz.  We  find 
that  the  60-Ry  cutoff  energy  in  the  planewave  basis  set  and  one  special  k  point  suffice  for  obtaining  converged 
results. 

[1]  A  Oshiyama,  PRL  74  (1995)  1 30;  M  Saito  and  A  Oshiyama,  PRL  73  (1994)  866;  B  D  Yu  and  A  Oshiyama, 

PRL  71  (1993)585. 
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Indium  and  Gallium  ions  are  well  known  bistable  dopants  in  semiconductors  and  also  in  more  ionic  hosts  as  in 
CdF2  crystals.  Bistability  means  electron  trapping  either  at  localized  or  delocalized  -  hydrogen  like  state. 
Wavefunction  of  the  former  is  very  compact,  while  of  the  latter  -  diffuse,  effective  mass  like.  It  is  associated  with 
large  lattice  relaxation  (LLR)  effect,  responsible  for  existence  of  DX  centers  in  AnByi  and  AmBy  semiconductors. 
Therefore  a  phototransformation  of  the  center  from  a  one  state  to  another  must  lead  to  a  large  change  of  the  local 
polarizability,  and  thus  large  changes  of  the  local  refractive  index.  The  refractive  index^hanges  in  the  order  of 
10'^  are  easily  obtainable  with  the  concentration  of  fototransformed  centers  about  10  cm-3.  Therefore  such 

centers  can  be  efficiently  used  in  writing  volume  holographic  gratings. 

In  and  Ga  ions  in  Cdi.xMnxTei.yScy  crystals  exhibit  photomemory  effect  which  persist  for  very  long  time  if 
samples  are  kept  at  liquid  helium  temperature  (Wojtowicz  et  al.  1993).  Using  DLTS  technique  one  deep,  localized 
level  has  been  found  in  indium  doped  samples  with  the  thermal  acivation  energy  for  electron  emission  of  0,14 
eV.  We  performed  continues  wave  degenerate  four-wave  mixing  (c.w.  DFWM)  experiments  on 
Cd0.99Mn0.01Te0.97Se0.03dn  sample,  measuring  the  scattering  efficiency  and  decay  kinetics  of  the  light-induced 
gratings  at  different  wavelength  in  the  near-infrared  region.  Scattering  efficiency  of  the  FWM  is  above  10% 
which  means  that  the  local  changes  of  refractive  index  are  responsible  for  the  creation  of  the  light  induced 
gratings  The  dependence  of  the  scattering  efficiency  on  the  temperature  reveals  two  peaks  at  temperatures 
T1=17K  and  T2=l  lOK.  They  are  associated  with  two  types  of  deep  centers  with  different  thermal  activation 
energy  for  electron  emission.  The  second  peak  at  T2=l  lOK  is  associated  with  the  deep  level  with  the  activation 
energy  of  0.14  eV,  the  first  one  is  associated  with  the  center  with  lower  activation  energy,  which  has  not  been 
detected  in  the  DLTS  experiment.The  model  derived  by  us  describes  quantitatively  the  origin  of  the  peaks  of 
FWM  scattering  efficiency  vs.  temperature.  The  high  temperature  side  of  the  peak  is  due  to  thermal  recovery  of 
deep  center  which  causes  disappearance  of  the  grating.  Low  temperature  side  is  associated  with  the  grating 
destruction  mechanism  as,  for  example,  impact  of  non-coherent  stray  light.  In  degenerate  FWM  experiment  also 
reading  beam  can  contribute  to  the  destruction  of  the  grating  at  low  temperatures  since  it  can  ultimately  cause  a 
complete  phototransformation  of  the  impurity  from  the  deep  to  the  metastable  shallow  state  thus  erasing  the 
grating,  too.  Therefore  a  maximum  in  the  diffraction  efficiency  vs.  temperature  occurs  at  temperature  at  which 
the  speed  of  incoherent  erasure  equals  the  thermal  recovery  rate  via  the  barrier  separating  the  two  states.  The 
FWM  scattering  efficiency  is  not  proportional  to  the  square  of  the  power  of  incident  writing  beams.  We  show 
that  this  effect  is  associated  with  negative  U  properties  of  the  bistable  centers  in  this  material. 
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We  propose  a  new  type  doping  method,  the  “  codoping  method  (doping  n-  and  p-type  dopants  at  the  same  time) 
“  for  the  fabrication  of  low-resistivity  p-type  GaN  with  wurtzite  structure  on  the  basis  of  theoretical  investigation 
using  one  of  ab-initio  electronic-structure  calculation  methods,  the  augmented  spherical  wave  (ASW)  one. 

It  is  well  known  that  doping  problems  that  fabrication  of  both  low-resistivity  n-  and  p-type  doped  materials  is 
difficult,  so  called  uni-polarity,  occur  because  of  the  self-compensation  in  wide-band-gap  semiconductors,  such 
as  GaN.  At  the  doping-levels,  lo’^  -10^^  cm'^,  we  can  estimate  overall  change  in  the  total  energy  (=AE)  given 
by  AE  =  Ap.  +  AEm  where  the  first  and  second  term  refer  to  a  change  in  chemical  potential  for  the  electronic 
system  and  in  the  Madelung  energy  that  is  an  intrinsic  property  for  the  lattice  system,  respectively.  We  note  that 
AEm  with  negative  (positive)  sign  means  that  compared  with  undoped  crystals  we  find  a  larger  attractive 
(repulsive)  force  at  the  anion  site  resulting  in  shifts  of  energy  levels  of  valence  orbitals  of  outermost  s  and  p 
levels  of  anion  atoms  towards  lower  (higher)  energy-regions,  leading  to  stabilization  of  ionic  charge  distributions. 

We  find  that  while  sign  of  AEm  for  n-type  GaN  doped  with  Sica  or  On  is  negative,  sign  of  AEm  for  p-type  GaN 
doped  with  Beoa  or  Mgca  is  positive  from  the  band  structure  calculations.  It  means  that  p-type  doping  beyond 
some  of  the  doping  levels  leads  to  the  generation  of  N  vacancies  due  to  destablization  of  ionic  charge  distributions 
for  N.  In  other  words,  while  we  increase  the  concentrations  of  acceptor  dopants  such  as  Be  and  Mg,  there 
increase  the  concentrations  of  donor  dopants,  that  is,  we  find  little  change  or  a  decrease  in  net  carrier  densities 
beyond  the  doping  levels. 

We  find  that  GaN  crystals  with  codoping  of  2MgGa  and  SiGa(ON)  are  p-type  conductivity  and  there  decrease  the 
Madelung  energies  for  the  two  crystals  compared  with  that  for  GaN  doped  with  two  Mg  atoms.  In  particular,  for 
GaN:SiGa  and  2MgGa,  from  site-decomposed  DOS,  we  verified  large  delocalized  impurity  states.  Thus,  we  can 
expect  low-resistivity  p-type  GaN  crystals  with  codoping  of  Si  and  two  Mg  atoms.  On  the  other  hand,  for  p-type 
GaN:ON,  2Mg(Be)Ga»  we  find  that  codoping  of  O  atoms  with  strong  electronegativity  play  an  important  role  in 
an  increase  in  the  concentrations  of  acceptor  dopants.  Be  and  Mg,  from  the  band  structure  calculations.  It  leads 
to  high  p-type  conductivity  in  GaN  codoped  with  Be(Mg)  and  O,  which  coincides  with  the  recent  experimental 
data  by  Brandt  et  al.  [1] 

[1]  O.  Brandt,  H.  Yang,  H.  Kostial,  and  K.  H.  Ploog;  Appl.  Phys.  Lett.  69(1996)2707. 
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Photoluminescence  (PL)  studies  on  undoped  and  Mg-doped  GaN  films  revealed  the  existence  of  deep-level 
defects.  Although  it  is  still  debated  what  is  responsible  for  the  yellow  luminescence  (YL)  peak  around  2.2  eV, 
recent  experimental  and  theoretical  studies  showed  that  the  YL  intensity  is  suppressed  by  Mg  incoporation,  and 
it  seems  to  be  originated  from  an  acceptor-like  defect  such  as  gallium  vacancy  and  its  complex  with  an  extrinsic 
impurity.  On  the  other  hand,  Mg-doped  GaN  exhibits  an  additional  PL  peak  at  2.7  -  2.9  eV.  In  this  work  we 
investigate  the  origin  of  blue  luminescences  (BL)  in  Mg-doped  GaN  through  first-principles  pseudopotential 
calculations.  We  find  that  the  most  probable  Mg-related  defect  is  a  substitutional  MgGa>  which  occupies  a  Ga 
sublattice  site.  Because  of  the  large  discrepancy  in  atomic  radius  between  the  Mg  and  N  atoms,  a  substitutional 
MgN  at  a  N  sublattice  site  is  extremely  unstable,  however,  it  is  shifted  into  a  neighboring  interstitial  position  and 
likely  to  form  a  complex  of  Mg-interstitial  and  N-vacancy  (Mgj-VN),  where  N  vacancies  are  dominant  donors  in 
the  absence  of  other  donor  impurities  such  as  Si  and  O.  The  Mgi-V^  complex  is  found  to  be  much  more  stable 
than  their  isolated  Mgj  and  defects  for  various  charge  states,  with  the  vacancy-neighboring  Ga  atoms  relaxed ' 
significantly  outward  from  the  vacancy  site.  This  defect  complex  has  the  (2+/3-f-)  and  (+/2+)  ionization  levels  at 
2.28  and  2.78  eV  above  the  valence  band  maximum,  respectively.  We  suggest  that  in  GaN  samples  without  Si  or 
O  impurities,  the  BL  is  attributed  to  the  transition  between  the  shallow  acceptor  level  and  the  deep  donor  level 
related  to  the  Mgi-Visf  complex,  while  the  donor- acceptor  pair  emission  is  due  to  the  transition  between  the 
MgGa  levels. 
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In  an  early  study  to  compensate  shallow  donors  in  GaN  grown  by  vapour  phase  epitaxy  (VPE),  Monemar  et  al. 
prepared  and  analysed  iron-doped  GaN  layers  .  In  fact,  high-resistivity  material  was  obt^med,  demonstrating 
that  iron  acts  as  a  deep  acceptor  in  GaN,  as  it  does  in  InP  and  GaAs.  Recently,  Fe  was  studied  with 

photoluminescence  and  optical  detection  of  magnetic  resonance  by  Maier  et  al.  .  A  zero  phonon  line  at  1.3  eV 

4 

and  a  phonon-sideband  structure  were  identified  belonging  to  the  spin-forbidden  internal  transition  Ti(G)  -> 
^Ai(S)  of  Fe^^(3d^)  on  substitutional  Ga  site. 

In  this  study,  photoluminescence  in  the  visible  and  infrared  region  at  1.5  K  was  measured  for  several  wurtzite 
GaN  layers.  These  layers  grown  by  metal  organic  vapour  phase  epitaxy  (l^VPE)  and  VPE  on  sapphire  were 
supplied  by  the  CRHEA  in  Valbonne.  In  several  samples  we  found  the  Fe'^'^  luminescence  in  the  near  infrared 
region  indicating  a  contamination  of  the  samples  with  iron.  In  the  visible  and  uv  region,  the  donor  bound  exciton, 
a  donor-acceptor  recombination  at  3.27  eV'  and  the  yellow  luminescence  band  centered  around  2.2  eV  were 
observed.  Comparing  the  integral  intensities  of  the  Fe  ^  luminescence  with  the  luminescence  bands,  we 
found  an  anti-correlation  between  the  occurrence  of  the  Yellow  band  and  the  Fe  luminescence.  Due  to  the 
long  radiative  lifetime  of  the  Fe^^  luminescence  of  the  order  of  milli  seconds  it  is  not  likely  that  the  yellow 
luminescence  is  quenched  by  a  competing  recombination  process  involving  the  deep  iron  acceptor.  We  speculate 
that  the  introduction  of  iron  lowers  the  position  of  the  Ferrr^  level  which  could  be  responsible  for  an  increase  in 
the  formation  energy  of  Ga  vacancies  (Neugebauer  et  al.  It  is  believed  that  Ga  vacancies  are  the  acceptor 
recombination  partners  in  the  yellow  luminescence  process  .  The  quenching  of  the  yellow  luminescence  due  to 
the  presents  of  Fe^^  could  be  understood  as  a  decrease  in  the  concentration  of  the  Ga  vacancies  due  to  a  Fermi 
level  effect. 

[1  ]  B.  Monemar  and  O.  Lagerstedt,  J.  Appl.  Phys.  50,  6480  (1979) 

[2]  K.  Maier,  M.  Kunzer,  U.  Kaufmann,  J.  Schneider,  B.  Monemar,  I,  Akasaki  and  H.  Amano, Mater.  Sci.  Forum 
143-147,  93(1994) 

[3]  R.  Dingle  and  M.  Illegems,  Solid  State  Commun.  9,  175  (1971) 

[4]  T.Ogino  and  M.Aoki,Jpn.J.  Appl.  Phys.  19,2395  (1980) 

[5]  J.  Neugebauer  and  Ch.  G.  Van  de  Walle,  Appl.  Phys.  Lett.  69,  503  (1996) 
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A  transmission  electron  microscopy  (TEM)  investigation  of  the  relaxation  process  by  misfit  dislocations  confined 
at  the  interface  of  the  highly  mismatched  system  GaN  /  Al203(0001)  has  been  carried  out. 

Wurtzite  type  GaN  was  grown  epitaxially  by  reactive  ion  molecular  beam  epitaxy  (RIMBE)  on  the  (0001)  basal 
plane  of  AI2O3,  We  determined  the  orientation  relationship  between  epilayer  and  substrate  by  selected  area 
electron  diffraction  (SAED).  The  diffraction  images  show  that  the  <1  l-20>-direction  in  GaN  is  parallel  to  the 
<10-10>-direction  in  AI2O3  whereas  the  [0001]-direction  is  the  same  in  both  materials.  In  this  orientation^the 
high  lattice  mismatch  of  f  =  - 1 3,8%  would  prevent  an  epitaxial  growth  with  low  defect  densities  of  10  cm  in 
the  GaN  layer  as  reported  in  many  publications.  But  high  resolution  transmission  electron  microscopy  (HRTEM) 
revealed  a  relaxation  process  with  misfit  dislocations  confined  at  the  interface: 

HRTEM  images  show  (1  l-20)-Al2O3-lattice  planes  ending  at  the  interface  in  regular  intervals  of  about  8  lattice 
constants.  These  misfit  dislocations  have  Burgersvectors  parallel  to  the  (OOOl)-interface  plane,  and  therefore  the 
extension  of  these  dislocations  into  the  GaN-layer  is  obviously  suppressed. 

An  analysis  of  the  corresponding  Burgersvectors  with  regard  to  the  structure  model  of  AI2O3  and  GaN  reveals 
perfect  60°  misfit  dislocations  with  a  large  edge  component.  Thus  the  high  lattice  misfit  is  mainly  compensated 
by  a  regular  array  of  misfit  dislocations  confined  at  the  interface  GaN  /  AI2O3.  It  seems  that  a  residual  stress 
causes  the  defect  densities  in  the  GaN  epilayer  reported  in  many  works. 
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We  calculate  the  effects  of  charged  defects,  located  in  the  vicinity  of  an  AlGaN/GaN  interface,  on  the  electronic 
transport  at  the  interface.  We  evaluate  the  effects  of  the  interface  structure  on  incorporation  of  the  defects  as  well 
as  their  effects  on  the  2-dimensional  (2-D)  electron  scattering  rates.  Recent  studies  have  shown  that  confinement 
of  electrons  in  2-D  channel  at  the  AlGaN/GaN  interface  results  in  large  enhancement  of  the  low  temperature 
mobility  [1,  2].  In  most,  if  not  all,  of  these  experiments,  the  electrons  originated  from  unintentional  donor 
defects  in  the  AlGaN  barrier  rather  than  from  intentionally  introduced  shallow  donors.  The  nature  of  these 
defects  is  not  yet  firmly  established.  Native  defects  such  as  a  N  vacancy  or  chemical  impurities  with  an  energy 
level  resonant  with  the  conduction  band  have  been  previously  considered  as  possible  dopants  in  highly  n-type 
conducting,  undoped  GaN  and  may  also  be  the  source  of  the  donor  defects  in  the  AlGaN  barrier. 

In  this  work  we  calculate  the  distribution  of  defects  in  the  vicinity  of  the  AlGaN/GaN  interface  taking  into 
consideration  the  fact  that  the  formation  energy  of  charged  defects  depends  on  the  location  of  the  Fermi  level. 
We  find  that  the  defects  in  the  AlGaN  barrier  which  provide  the  electrons  in  the  GaN  well  are  preferentially 
formed  close  to  the  interface.  This  assures  an  efficient  charge  transfer  resulting  in  large  densities  of  the  2-D  gas 
in  GaN.  However,  the  proximity  of  the  charged  defects  to  the  2-D  gas  leads  to  strong  scattering,  reducing  the 
low  temperature  mobility.  We  have  performed  calculations  of  the  electron  mobility  in  2-D  AlGaN/GaN 
heterostructures.  Besides  scattering  by  charged  defects  we  have  incorporated  all  the  phonon  scattering  mechanisms 
including  acoustic  deformation,  piezoelectric  and  polar  optical.  Scattering  by  charged  defects  is  found  to  be  the 
dominant  process  limiting  the  electron  mobility  at  temperatures  below  100  K.  For  background  impurity 
concentrations  of  less  than  1013  cm-3  in  the  GaN  well,  the  electron  mobilities  can  be  made  as  high  as  several 
hundred  thousand  cm2/Vs  at  4  K.  If  one  could  grow  a  pure  AlGaN  spacer  between  the  doped  AlGaN  and  the 
GaN,  we  find  that  theoretical  low  temperature  mobilities  can  reach  as  high  as  several  million  cm2/Vs.  Although 
our  calculations  predict  very  high  electron  mobilities  in  optimized  heterostructures,  a  significant  reduction  of 
the  unintentional  defect  densities  will  be  required  to  reach  these  limits  in  experimentally  grown  heterostructures. 

In  addition,  we  have  calculated  the  2-D  electron  gas  density  and  mobility  as  a  function  of  hydrostatic  pressure. 
Since  resonant  native  defects  are  highly  localized,  the  pressure  derivative  of  their  energy  with  respect  to  the 
conduction  band  is  very  different  from  that  of  shallow  impurities.  Thus,  the  electron  density  and  mobility  show 
very  different  pressure  dependencies  for  the  case  in  which  shallow  donors  are  the  sources  of  the  electrons  as 
compared  to  the  case  in  which  doping  is  achieved  by  incorporation  of  native  defects. 

This  work  was  supported  in  part  by  US  DOE  under  contract  DE-AC03-76SF00098  and  in  part  by  NSF  grant 
DMR-94  17763. 

[1]  J.  M.  Redwing  et  al.,  Appl.  Phys.  Lett.  69,  963  (1996). 

[2]  M.  A.  Khan  et  al.,  Appl.  Phys.  Lett.  67, 1429  (1995). 
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IDENTIFICATION  OF  IRON  TRANSITION  GROUP  TRACE 
IMPURITIES  IN  GaN  BULK  CRYSTALS  BY  ELECTRON 
PARAMAGNETIC  RESONANCE. 
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We  report  on  the  observation  of  electron  paramagnetic  resonance  of  iron,  manganese  and  nickel  trace  impurities 
in  bulk  GaN  cry|^als  grown  by  the  sublimation  sandwich  method.  The  resolved  hyperfine  structure  due  to 
interaction  with  ^^Mn  (/=5/2)  nuclei  has  be^n  observed  in  allowing  unambiguous  identification  of  the 
impurity  .  Manganese  and  nickel  exist  in  Mn"^^  (3d  )  and  Ni'  (3d  )  charge  states  with  electron  spin  S-SI2  and 
S=3/2,  respective!}^  and  occupy  gallium  sites  in  the  GaN  lattice.  For  Mn  we  found  g=l  .999,  hyperfin^  structure 
constant  A=70- 10  cm'  and  fine  structure  parameter  Id  I  =  240-10' cm'  .  The  EPR  spectrum  of  Ni  in  GaN 
had  the  characteristic  anisotropy  of  an  S  =  3/2  system  in  a  strong  axial  crystalline  field.  The  effective  g-factor 
values  were  found  to  be  g|  |  2. 1 0  and  gj^=  4^20  for  a  system  with  an  effective  spiii  5  ^  ~  1/2.  The  zero-phonon 

line  at  1 .047  eV  seems  to  belong  to  transition  T2(F)- A2(F)  within  3d  levels  of  Ni'  ion  with  a  3d  electronic 
configuration. 
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IMPACT  OF  RADIATION-INDUCED  DEFECTS  ON  THE  YELLOW 
LUMINESCENCE  IN  MOCVD  GaN 
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Strong  interest  in  studies  of  the  III-V  nitrides  is  stimulated  by  their  potentials  in  important  technical  applications. 
Among  them,  GaN  has  showed  rapid  technological  advancement  and  attracted  close  attention  of  researches  and 
engineers.  Some  recent  calculational  results  [1,2]  cast  light  on  intrinsic  defects  in  GaN  and  can  help  the 
experimentalists  in  testing  the  defect  models  proposed.  First  of  all,  a  yellow  luminescence  (YL)  band  at  -2.2  eV 
associated  with  yet  unidentified  defects  is  of  special  interest  because  this  band  may  be  due  to  the  presense  of  Ga 
vacancies  or  Ga  vacancy-related  complexes  [2].  It  is  well  known  that  electron  irradiation  of  semiconductors 
provides  a  convenient  tool  for  production  of  point  defects.  The  aim  of  the  present  work  is  to  ascertain  whether 
and,  if  so,  how  radiation-induced  defects  in  GaN  may  affect  the  YL. 

GaN  layers  of  a  wurtzite  structure  were  grown  by  the  MOCVD  technique  using  6H-SiC  substrates.  The  growth 
rate  was  about  2  |xm/h  and  the  thickness  of  layers  ranged  fron  1  to  3  p,m.  The  layers  studied  were  n-^^nd  p-^type 
conductivity  as  well  as  not  intentionally  doped.  The  charge  carrier  concentrations  were  close  to  MO  cm  and 
3  - 10^  ^  cm'^  for  n-GaN:Si  and  p-GaN:Mg,  respect! vely.The  electron  concentration  for  the  undoped  GaN  samples 
was  about  3  - 10^  ^  cm"'^.  The  samples  with  lesser  internal  stresses  were  selected  for  irradiation.  Electron  irradiation 
(0.9  MeV)  was  carried  out  at  a  beam  current  of  5  p,A/cm  and  the  sample  temperature  during  irradiation  didn’t 
exceed  60®C.  Some  samples  were  irradiated  with  ^  Co  gamma-rays  at  10®C,  the  irradiation  intensity  being 
7*10^^  cm'^  s Photoluminescence  spectra  were  recorded  at  4.2  K  and  room  temperature  using  a  He-Cd  (325 
nm)  and  Ar  (458  nm)  laser,  respectively.  Electrical  measurements  were  taken  by  means  of  the  Van  der  Pauw 
technique. 

Prior  to  irradiation,  the  YLband  peaks  at  2.23  eV  for  n-GaN  and  2. 17  eV  for  p-GaN  (at  room  temperature).  After 
electron  irradiation  of  n-GaN,  radiation- induced  defects  make  their  appearance  in  two  wa^s.  First,  the  maximum 
of  the  above  band  was  clearly  shifted  to  a  new  position  at  2,34  eV,  at  a  dose  of  1  •  10  cm  .  Second,  the  intensity 
of  the  YL  was  increased  by  a  factor  of  three.  We  also  observed  similar  effects  for  electron-irradiated  p-GaN, 
although  at  much  lower  intensities  of  the  YL  at  room  temperature  as  compared  to^n-GaN.  Nonetheless,  it  has 
been  found  that  prolonged  gamma-irradiation  of  p-GaN  (at  a  dose  of  MO  cm  )  can  enhance  the  YL  by  a 
factor  of  five.  Again,  the  maximum  of  this  band  is  shifted  to  2.34  eV,  thus  showing  a  contribution  of  the  same 
radiation-induced  defects,  as  in  the  case  of  n-GaN.  Electrical  measurements  showed  that  electron  irradiation  of 
both  n-  and  p-GaN  results  in  increasing  concentration  of  charge  carriers.  However,  these  changes  reflect  a  net 
effect  of  the  production  of  electrically  active  native  defects  on  both  sublattices  and  should  be  interpreted  starting 
from  the  theoretical  predictions  made  in  [1,2], 

[1]  P.  Boguslawsi,  E.L.  Briggs,  and  J.  Bemholc,  Phys.Rev.  B  51, 17255  (1995). 

[2]  J.  Neugebauer  and  C.G.  Van  de  Walle,  Appl.Phys.Lett.  69(4),  503  (1996). 


Programme  and  abstracts  book  •  199  • 


POSTER  I  -108 


LOCAL  VIBRATIONAL  MODES  AT  AS^  IN  CUBIC  GaN;  COMPARING 
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GaN  can  be  grown  in  zincblende  structure  on  a  GaAs  substrate.  In  this  material  a  high  number  of  Raman  lines 
are  observed  in  the  range  from  60  to  250  cm  ‘  at  low  temperatures  [  1  ].  These  proposedly  originate  from  defects 
resulting  from  diffusion  of  As  atoms  into  the  GaN  layer  and/or  of  N  atoms  into  the  GaAs  substrate  during  the 
epitaxial  growth  process. 

We  here  concentrate  on  the  local  vibrational  modes  (LVM)  of  the  Asjsj  center  in  GaN.  The  phonon  dispersion 
curves  of  the  host  GaN  crystal  were  calculated  using  the  Keating-Kane  model  and  by  fitting  the  valence  force 
parameters  to  the  well  known  Raman  frequencies  at  the  zone  boundaries.  The  change  of  the  force  constants  in 
the  vicinity  of  the  defect  was  treated  with  the  scaling  factor  approximation  [2].  We  calculated  a  cluster  of  up  to 
525  vibrating  atoms  embedded  in  the  crystal  and  selected  the  modes  with  high  vibration  amplitudes  in  the 
vicinity  of  the  defect.  The  energies  of  these  local  vibrational  modes  can  be  fitted  to  the  experimental  data  by  a 
variation  of  the  scaling  factor. 

We  also  studied  this  defect  using  ab-initio  density-functional  theory.  Due  to  the  different  ionic  radii  of  the  Ga 
and  N  atoms,  we  calculated  first  the  relaxation  of  the  atoms  around  the  defect  and  then  the  force  constants  at  the 
defect  site.  We  also  performed  the  same  type  of  cluster  calculations  as  before. 

Both  methods  give  the  same  results  for  the  vibrational  energies,  but  different  results  for  the  interatomic  forces. 

[1]  H.  Siegle  et  al.  1996,  Proc.  XIII  Int.  Symposium  on  Electrons  and  Vibrations  in  Solids  and  Finite  Systems 
(Jahn-Teller  Effect),  Berlin,  Germany 

[2]  U  Scherz  and  C  Schrepel  1995,  Mater.  Sci.  Forum  196-201,  1583-1588 
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LOCAL  VIBRATIONAL  MODES  AT  TRANSITION  METAL 
IMPURITIES  IN  HEXAGONAL  AIN  AND  GaN  CRYSTALS 
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Key  Words:  GaN,  AIN,  Transition  Metals,  Local  Vibrations,  Isotope  Shifts 

We  present  a  detailed  experimental  and  theoretical  study  of  local  vibrational  modes^^LVMs)  at  transition-metal 
G’M)  impurities  in  wurtzite-type  crystals.  The  energies  of  the  LVMs  of  Fe  and  Ti  in  hexagonal  GaN  and  Fe 

in  hexagonal  AIN  are  calculated  with  a  modified  valence-force  model  of  Keating  and  Kane,  which  was 
generalized  for  hexagonal  symmetries  including  long-range  Coulomb  forces.  Due  to  the  anisotropy  of  wurtzite- 
type  crystals  in  the  direction  of  the  c-axis  there  are  1 4  independent  valence-force  parameters.  The  valence-force 
parameters  of  the  perfect  crystals  are  calculated  by  fitting  the  phonon  dispersion  curves  to  experimental  Raman 
and  photoluminescence  data  of  GaN  [1]  and  to  ab-initio  calculations  of  AIN  [2].  The  valence-force  parameters 
in  the  vicinity  of  the  defect  are  determined  using  the  scaling-factor  approximation  which  is  defined  by  Pd=P+ps, 
where  p  is  any  of  the  valence-force  parameters  of  the  perfect  ciystal  and  pd  the  corresponding  parameter  at  the 
defect  site.  The  dynamical  matrix  is  set  up  for  a  cluster  of  295  vibrating  atoms,  which  is  embedded  in  the  non¬ 
vibrating  crystal  and  taking  the  TM  as  the  central  atom.  The  eigenvalues  of  the  dynamical  matrix  gives  us  the 
vibration  frequencies.  The  LVMs  were  selected  due  to  their  large  vibration  amplitudes  in  the  region  of  the  defect 
as  obtained  from  the  eigenvectors  of  the  dynamical  matrix. 

The  calculated  energies  of  the  LVMs  are  in  good  agreement  with  the  results  obtained  by  our  photoluminescence 
and  photoluminescence  excitation  measurements.  We  present  the  substitutional  and  the  ligand  induced  isotope 
shifts  of  the  LVMs.  The  calculated  substitutional  isotope-shifts  were  found  to  be  smaller  than  1  meV  per  nucleon 
and  therefore  could  not  been  observed  because  of  the  experimental  linewidth  of  1 .5  meV. 

We  also  demonstrate  the  delocalization  of  LVMs  with  energy  in  the  phononbands  due  to  hybridization  with 
crystal  phonons. 

[1]  PThurian  et  al.  1995  Maten  Sci.  Forum,  196-201  1571 

[2]  K  Karch  et  al.  1 995  Technical  Digest  of  -lCSRM-95- 
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“Deep”  yellow  donor-acceptor  pair  (DAP)  recombination  is  likely  the  most  known  but  less  understood 
photoluminescence  (PL)  emission  of  GaN.  This  emission  is  commonly  observed  in  GaN  samples  grown  by 
different  techniques,  as  is  also  confirmed  by  the  present  work.  Several  studies  indicated  an  anti-correlation 
between  the  strength  of  this  PL  and  a  morphological  quality  of  GaN  epilayers.  No  clear  explanation  of  this  fact 
was  given.  To  verify  if  such  anti-correlation  exists  we  performed  PL  investigations  (PL,  its  temperature  dependence 
and  PL  kinetics)  of  several  GaN  samples  grown  either  at  different  conditions,  or  at  the  same  conditions  but  on 
three  different  substrates  or,  finally,  by  different  growth  methods.  Even  though  strong  deep  DAP  PL  was  observed 
in  some  cases,  no  simple  correlation  between  intensity  of  this  PL  band  and  e.g.  strain  conditions  in  the  sample 
was  found.  An  analog  of  “yellow”  DAP  PL  is  also  observed  in  cubic  phase  GaN  samples  grown  on  (100)  silicon 
substrates.  This  PL  is  shifted  down  in  energy  by  about  250  meV. 

The  origin  of  the  “yellow”  DAP  emission  was  recently  discussed  based  on  the  results  of  optically  detected 
magnetic  resonance  (ODMR),  stress  and  PL  kinetics  investigations.  Two  conflicting  models  were  proposed  to 
explain  this  PL.  Deep  donor-shallow  acceptor  transition  was  proposed  based  on  the  results  of  ODMR  study, 
whereas  other  ODMR  experiments  and  stress  and  PL  kinetics  measurements  were  explained  in  frame  of  shallow 
donor-deep  acceptor  transition  model.  We  believe  that  present  PL  investigations  may  explain  the  reasons  for 
such  conflicting  models  of  “yellow”  DAP  transitions  in  GaN.  Even  though  the  present  PL  kinetics  measurements 
support  the  second  model  of  the  “yellow”  DAP  emission,  PL  study  indicates  a  complex  nature  of  this  PL  emission. 
In  some  cases  an  indication  of  a  two-band  nature  of  this  PL  was  observed.  In  addition  to  a  two-band  nature  of  the 
PL,  we  observed  in  some  cases  that  PL  intensity,  which  first  slowly  decreases  with  increasing  temperature,  starts 
to  increase  at  higher  temperatures.  This  may  also  be  explained  by  the  presence  of  an  underlying  second  PL 
emission  related  to  e.g.  deeper  donors.  All  these  results  may  explain  the  reasons  for  conflicting  explanations  of 
the  results  of  often  the  same  investigations  (e.g.  ODMR  studies  by  two  different  groups). 
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It  is  known  that  the  polarization  diagram  technique  is  excellent  method  for  investigation  of  optical  microstructure 
of  emission  defects  in  crystals.  We  report  here  the  results  of  the  investigation  of  defects  in  GaN  at  impurity  and 
intrinsic  excitation  of  photoluminescence  using  this  technique. 

High-quality  epitaxial  layers  of  GaN  doped  simultaneously  with  zinc  and  oxygen  were  grown  by  gas-phase 
technique  in  chloride-hydride  system  on  sapphire  substrate  with  orientation  (1012).  Layers  of  GaN  were  oriented 
in  plane  (1120).  A  luminescence  band  with  maximum  2,55eV  at  300K  and  linear  polarization  up  to  60%  was 
observed.  This  band  was  associated  with  presence  of  pair  Zn-0  defects  and  attributed  to  intercenter  transition. 
The  main  contribution  to  emission  and  absorption  in  GaN(Zn,0)  is  that  of  linear  oscillators,  oriented  in  plane 
(OOOl)GaN  symmetric  about  the  C-axis  in  GaN. 

These  results  were  confirmed  by  the  numerical  simulation  for  various  models  of  Zn-0  defects. 

The  work  was  performed  with  partial  support  of  Arizona  University  (USA). 
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We  report  on  temperature  dependent  photoluminescence  studies  of  GaN  films  grown  by  MBE  on  sapphire 
substrates.  Strain  has  been  proven  to  be  the  major  line  broadening  mechanism  of  low  temperature  luminescence. 
Modification  of  hydrostatic  and  biaxial  strain  components  were  utilized  to  minimize  the  half  width  of  the  near 
band  edge  luminescence.  Consequently,  PL  lines  as  narrow  as  1.2  meV  where  observed  in  films  that  are  almost 
strain  free.  No  ‘yellow’  luminescence  band  was  found  in  these  samples,  A  sharp  transition  at  3.257  eV  indicates 
the  formation  of  the  cubic  GaN  phase  [1  ]  in  the  hexagonal  matrix.  We  find  that  the  occurrence  of  the  cubic  phase 
to  be  stoichiometry  related,  the  signal  intensity  increases  with  increasing  Ga/N2  flux  ratio.  Though  the  band 
edge  PL  of  the  cubic  phase  may  overlap  with  the  well-known  spectrum  of  the  donor-acceptor  pair  recombination 
of  the  hexagonal  phase,  the  signals  can  be  discriminated  by  temperature  variation.  TEM  investigations  confirm 
the  existence  of  cubic  GaN  inclusions  in  the  hexagonal  films  [2].  They  nucleate  spontaneously  and  account  for 
about  1%  of  the  matrix  volume. 

Being  still  visible  at  room  temperature  at  3.202  eV,  the  temperature  dependence  of  the  excitonic  transitions  (DX 
/  FX)  in  the  cubic  phase  can  be  described  by  Cody’s  formula  [3].  The  temperature  6  ~  600K  is  significantly 
different  from  the  one  determined  for  the  corresponding  transitions  of  the  hexagonal  phase  (0  ~  300K). 

EgapO")  =  Egap(0) '  exp(e/T)- 1) 

In  crystals  exhibiting  the  cubic  phase,  we  also  detect  a  structure  at  3.146  eV  consisting  of  the  zero  phonon 
transition  plus  two  phonon  replica.  This  signal  is  observable  for  temperatures  up  to  140K.  Consequently,  we 
identify  this  signal  group  as  a  donor-acceptor  pair  transition  in  the  cubic  phase.  Our  assignment  is  in  agreement 
with  results  obtained  by  cathodo-luminescence  of  cubic  GaN  grown  on  GaAs  [4]. 

[1]  H.Okumara,  S.Yoshida,  and  T.Okahisa;  Appl.Phys.Lett.  64, 2997  (1994) 

[2]  M.S.H.Leung,  R.Klockenbrink,  C.Kisielowski,  H.Fujii,  J.Kruger,  Sudhir,  G.S.,  A.Anders,  Z.Liliental- 
Weber,  M.Rubin,  and  E.R. Weber;  MRS  Proceedings  Fall  1996,  Boston;  in  press 

[3]  G.D.Cody,  in  Semiconductors  and  Semimetals;  Vol.  21,  11  (1984) 

[4]  J.Menniger,  U.Jahn,  O.Brandt,  H.Yang,  and  K.Ploog;  Phys.Rev.B  53, 1881  (1996) 
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GaN  thin  films  are  typically  grown  on  sapphire  substrates  that  do  not  match  the  GaN  lattice  (15%  lattice  mismatch) 
and  differ  in  thermal  expansion.  Since  growth  temperatures  are  low  compared  with  the  materials  melting  point 
(Tgrowth  <  0-5  Tmelt)  plastic  relaxation  appears  to  be  difficult  and  the  films  can  be  strained  elastically  to  stress 
levels  that  can  reach  one  GPa.  It  is  shown  that  physical  properties  of  the  films  such  as  the  width  of  luminescence 
lines  or  the  surface  morphology  of  the  layers  can  be  optimized  by  engineering  these  stresses.  The  growth 
temperature  of  buffer  layers,  their  thickness  and  the  composition  of  the  GaN  thin  films  are  shown  to  be  parameters 
that  can  be  utilized  for  this  purpose.  This  way,  heteroepitaxially  grown  MBE  films  can  exhibit  x-ray  rocking 
curves  as  narrow  as  80  arcsec,  1.2  meV  narrow  donor  bound  luminescence  emissions  or  a  desired  surface 
morphology. 

Similarly,  stress  is  introduced  by  the  growth  of  lUxGaj.xN  quantum  wells  into  GaN  because  of  a  lattice  mismatch 
that  may  reach  1 1%.  A  quantitative  investigation  of  the  Indium  distribution  in  In^Gai.xN  quantum  wells  at  an 
atomic  scale  reveals  that  this  strain  causes  indium  segregation  that  increases  with  the  indium  content  in  the 
InxGai_xN  layers.  Sometimes  a  separation  of  different  phases  in  the  investigated  crystals  with  Indium 
concentrations  30  %  <  x  <  50%  is  found.  The  results  give  experimental  evidence  for  formation  of  Indium 
clusters  in  InxGaj.xN  quantum  wells,  and  the  existence  of  a  miscibility  gap  in  the  GaN-InN  quasi-binary  system. 
In  addition,  a  transition  from  a  planar  (2D)  growth  on  {0001 }  surfaces  to  a  three  dimensional  (3D)  growth  on 
{0001}  and  {01-11}  surfaces  is  observed  if  the  effective  thickness  of  InxGaj.x  N  quantum  wells  exceeds  a 
critical  value.  The  formation  of  misfit  dislocations  is  not  observed  though  this  critical  thickness  greatly  exceeds 
values  that  are  calculated  from  the  model  of  Matthews  and  Blackslee.  The  2D/3D  transition  influences  growth 
rates  and  it  is  argued  that  it  is  driven  by  strain.  Thus,  strain  relaxation  in  GaN /  InxGai.x  N  /GaN  heterostructures 
occurred  by  surface  roughening  and  not  by  plastic  deformation. 
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ZEEMAN  STUDY  OF  THE  0.94  EV  EMISSION  IN  AIN  AND  GaN 


P.  Thurian*.  L  Loa*,  K.  Pressel**,  A.  Hoffmann*,  and  C.  Thomsen* 
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Keywords:  AIN,  GaN,  transition  metals,  photoluminescence,  Zeeman  effect 

Despite  the  enormous  progress  in  growth  and  device  technology  there  is  only  little  information  about  deep 
defects  in  group  Ill-nitrides.  Transition  metals  (TMs)  form  deep  defects  and  can  be  expected  to  be  common 
contaminations  of  these  materials  which  are  grown  at  very  high  temperatures.  Even  though  their  technological 
relevance  for  growing  high  resistivity  material,  first  detailed  information  on  TM  defects  was  reported  only 
recently. 

Up  to  now,  five  TM  luminescence  bands  have  been  reported  for  GaN  and  AIN  [1  ].  On  the  basis  of  magnetooptical 
measurements,  the  electronic  configurations  of  the  1 .30  eV  anc^l .  19  eV  TM  defect^  m  GaN  were  identified.  The 
1.30  eV  luminescence  is  unambiguously  attributed  to  the  T\-  Aj  transition  of  ^  (3d  -systegj)  [2],  wteeas 
the  1.19  eV  zero-phonon  line  (ZPL)  is  attributed  to  the  E-  A2  transition  of  a  d  -system  [3].  Ti  ^  and  Cr  are 
discussed  as  luminescence  centers  [4],  No  other  magnetooptical  measurements  have  been  performed  so  far.  In 
this  paper  we  report  on  the  first  Zeeman  study  of  the  0.94  e  V  ZPL  in  AIN  and  the  0.93  eV  ZPL  in  GaN,  respectively. 
The  ZPLs  were  investigated  in  magnetic  fields  up  to  1 5  T  at  temperatures  between  1 .8  K  and  40  K.  We  observe 
a  symmetric  isotropic  threefold  splitting  of  the  0.94  eV  ZPL  in  AIN  needles.  On  the  basis  of  temperature  dependent 
Zeeman  measurements,  the  splitting  is  attributed  to  the  ground  state.  The  g- value  of  2.10-1-0.10  is  typical  for  a 
^A2-state  and  thus  we  attribute  the  0.94  eV  ZPL  in  AIN  to  a  E-  A2  transition  of  a  d  -system.  Possible  3d 
impurities  are  V  Ti^^  and  Cr^.  A  similar  Zeeman  behaviour  was  observed  for  the  0.93  eV  ZPL  in  GaN. 
Because  of  the  localized  wavefunction  of  the  deep  impurity  and  similar  lattice  constants  of  GaN  and  AIN  together 
with  the  large  bandgap,  it  is  expected  that  internal  transitions  of  the  same  TM  element  appear  approximately  at 
the  same  energy.  Thus,  V  seems  to  be  the  most  promising  candidate  to  explain  the  0.94  eV  ZPL  in  AIN  and  the 
0.93  eV  ZPL  in  GaN,  taken  into  account  the  Cr  /Ti^^  attribution  of  the  1 . 19  eV  ZPL  in  GaN. 

The  energies  of  deep  levels  of  TMs  are  used  to  determine  band  offsets  of  semiconductor  heterostructures  based 
on  the  internal  reference  rule  for  these  defects.  Even  though  the  internal  reference  rule  has  been  validated  for 
many  semiconductor/TM  combinations  it  is  not  clear  whether  it  can  be  used  unambiguously  to  predict  band 
offsets.  We  discuss  the  band  offsets  of  GaN,  AIN  and  GaAs  in  this  context  and  show,  that  the  internal  reference 
rule  can  not  be  applied  for  the  GaN/GaAs  heterojunction. 

[1]  K.  Pressel,  R.  Heitz,  S.  Nilsson.  R  Thurian.  A.  Hoffmann,  and  B.  K.  Meyer, MRS,  Boston,  1995,  Symp.  Proc. 
Vol.395.613 
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Appl.  Rhys.  Lett.  67, 2822  ( 1995). 

[3]  R.  Heitz,  P  Thurian,  K.  Pressel.  1  Loa.  L.  Eckey.  A.  Hoffmann.  1.  Broser.B.K.  Meyer,  and  E.N.  Mokhov,  Phys. 

Rev.  52.  1650-  (1995). 
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BLUE  EMISSION  IN  Mg  DOPED  GaN  STUDIED  BY  TIME  RESOLVED 
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A  strong  blue  emission  is  present  when  GaN  films  are  heavily  doped  with  Mg.  It  is  also  known  that  compensation 
of  non-intended  donors  reduces  the  free  hole  density  at  least  two  orders  of  magnitude  as  compared  with  the  Mg 
concentration. 

20-3 

Previous  work  on  the  blue  band  in  Mg  heavil;^  doped  (10  cm  )  shows  that  two  main  emissions  contribute  to 
the  band  with  maximum  at  2.8  eV  and  2.7  eV  .  The  dependence  with  excitation  density  shows  a  shift  too  large 
to  be  attributed  to  DAP  recombination. 

In  the  present  work  we  analyse  by  time  resolved  spectroscopy,  in  conditions  of  low  excitation  density,  the 
temperature  dependence  of  the  blue  emission  and  compare  it  with  steady  state  data.  From  this  analysis  and  for 
delays  above  80|is  we  see  a  prompt  emission  with  maximum  at  3  eV,  while  the  bands  at  2.8  and  2.7  eV  are  slow 
emissions.  While  the  2.8  eV  band  as  a  decay  of  the  order  of .  1  ms  the  2.7  eV  has  a  lifetime  of  the  order  of  tens  of 
milliseconds  at  1 1  K. 

From  the  temperature  dependence  of  the  two  emission  intensities  and  decays  a  mechanism  of  excitation  and 
deexcitation  of  the  bands  that  contribute  to  the  blue  emission  in  these  samples  is  proposed. 

[1]  M.Leroux,  B.Beaumont,  N.Grandjean,  J.Massies,  P.Gibart,  Mat.  Res.  Soc.  Symp.  Boston,  1996,  (to  be 
published) 
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The  angular  correlation  of  the  annihilation  radiation  (ACAR)  of  the  electron-positron  pairs  is  a  sensitive  probe 
for  studying  of  the  electron  momentum  density  and  its  disturbances  by  defects  in  semiconductors.  The  method 
relies  on  the  propensity  of  positrons  to  get  localized  at  the  regions  of  negative  effective  charges  of  a  defect  and 
the  resulting  emission  of  the  annihilation  gamma-photons  that  carry  information  about  the  annihilation  site. 
Here,  we  consider  some  results  that  have  been  obtained  recently  for  GaN  by  one-dimensional  (ID)  ACAR.  It 
has  been  established  that  in  the  crystal  lattice  of  GaN  diamond-like  semiconductor  the  annihilation  of  thermalized 
positrons  with  electrons  of  the  valence  band  is  a  predominating  process  and  so-called  broad  component  of  the 
ID-ACAR  curves  may  be  attributed  to  the  positron  annihilation  in  the  narrow  zones  of  the  outer  shell  core 
electrons. 

An  estimation  of  the  enhancement  of  the  electron  density  at  a  positron  has  been  made  by  the  data  of  ID-ACAR 
measurements.  Numeral  value  of  the  electron  radius  rs’  =  1,830  to  1,890  a.u.  is  in  a  qualitative  agreement  with 
the  data  of  calculations  which  are  based  on  the  local-density  approximation  [1]:  rs  =  1,887  to  1,896  a.u.  As  a 
whole,  this  result  is  indicative  of  insignificant  enhancement  of  the  ambient  electron  density  at  the  screening  of 
positrons  in  the  crystal  lattice  of  GaN.  The  influence  of  the  effective  charges  of  the  lattice  sites  on  the  positron 
annihilation  with  electrons  of  outer  shells  of  ionic  cores  in  GaN  is  discussed.  It  has  been  shown  a  dominating 
role  of  the  outer  shells  of  “Ga”  ionic  cores  in  the  process  of  formation  of  the  broad  component  of  the  ID-ACAR 
curves.  The  results  obtained  point  to  the  partial  localization  of  wave  packets  of  thermalized  positrons  near  “N” 
sites  in  “defect-free”  GaN.  The  mentioned  partial  localization  may  result  in  significant  differences  of  the  cross- 
sections  of  positron  capture  by  intrinsic  defects  of  the  vacancy-type.  There  are  some  reasons  to  believe  that  Ga- 
vacancies  as  well  as  their  impurity  complexes  have  to  be  an  effective  centers  of  the  positron  localization  and  the 
annihilation  radiation  of  localized  electron-positron  pairs  can  carry  the  information  about  the  configuration  of 
the  defects  of  a  such  type.  1.  M.Puska,  S.Makinen,  M.Manninen,  and  R.Nieminen,  Phys.  Rev.  B  39,  7666 
(1989). 
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RAMAN  SCATTERING  FROM  DEFECTS  IN  GaN 
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In  the  last  few  years  the  wide-bandgap  semiconductor  GaN  has  received  increasing  attention  because  of  its 
application  as  the  favorite  basic  material  for  optoelectronic  devices  working  in  the  blue  to  ultraviolet  spectral 
region  [1].  One  of  the  main  problems  which  still  restricts  the  growth  of  high-quality  GaN  layers  is  the  high 
concentration  of  defects  which  yields  a  high  background  carrier  concentrations  and  the  typical  n-type  conductivity 
of  GaN  layers.  It  is  still  unclear  what  kind  of  defects  are  responsible  for  these  effects. 

We  present  results  of  Raman- scattering  experiments  on  p-  and  n-type  cubic  GaN  layers  grown  on  GaAs  and 
hexagonal  layers  grown  on  sapphire.  While  the  layers  deposited  on  sapphire  exhibit  only  the  expected  host 
phonon  modes,  we  found  a  series  of  additional  sharp  lines  in  the  range  between  60  and  250  cm  from  the  layers 
grown  on  GaAs,  The  lines  show  a  strong  temperature  dependence.  Their  intensity  increases  exponentially  with 
decreasing  temperature  and  the  modes  disappear  when  reaching  room  temperature.  Wavelength-dependent 
measurements  reveal  that  they  are  strongest  under  excitation  around  568  nm.  Some  of  these  lines  were  also 
observed  by  Ramsteiner  et  al.  [2]  and  have  been  attributed  to  hydrogen-like  transitions  between  the  electronic 
states  of  a  shallow  donor  in  hexagonal  and  cubic  GaN.  In  order  to  prove  this  model  we  have  performed  a 
systematic  Raman  study  on  several  series  of  GaN  layers  grown  on  GaAs  and  sapphire.  We  found  that  the  attribution 
of  some  modes  to  the  cubic  and  some  to  the  hexagonal  modification  given  in  [2]  is  not  valid  and  that  more  lines 
appear  than  expected  by  hydrogen-like  transitions  of  one  donor  [3].  On  the  basis  of  the  new  experimental  data 
including  results  of  high-pressure  Raman  experiments  and  magnetic-field  dependent  measurements  we  discuss 
possible  candidates  of  defects. 

[1]  For  a  review  see  e.g,  R.  F.  Davis,  Proc.  IEEE  79, 702  (1991);S.  Strite  and  H.  Morkoc,  J.  Vac.  Sci.  Technol. 

BIO,  1237(1992) 

[2]  M.  Ramsteiner,  A.  J.  Menninger,  O.  Brandt,  H.  Yang,  and  K.  H.  Ploog,Appl.  Phys.  Lett.  69, 1276  (1996) 

[3]  H.  Siegle,  I.  Loa,  P.  Thurian,  L.  Eckey,  A.  Hoffmann,  I.  Broser,  and  C.  Thomsen, Appl.  Phys.  Lett,  in  print 
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DONOR  CENTERS  IN  ERBIUM  -IMPLANTED  SILICON 
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Oxygen  aggregation  processes  in  Si  with  high  oxygen  contents  are  sensitive  to  the  presence  of  various  impurities 
(C,  B,  H  etc).  Among  the  rare-earth  elements,  Er  in  oxygen-rich  Si  attracts  much  attention  in  view  of  its  application 
to  optoelectronics.  Post-implantation  annealing  of  SiiEnO  at  700°C  for  removal  of  radiation-induced  defects 
leads  generally  to  formation  of  donor  centers  with  ionization  energies  less  than  90  meV.  The  experimental 
information  about  these  donors  is  meagre  so  far.  In  this  work  the  formation  of  oxygen-related  centers  in  Si:Er  is 
studied  in  two  ways.  First,  we  investigated  shallow  donors  produced  in  Czochralski-grown  Si  (Cz-Si)  after 
implantation  of  Er  as  well  as  co-implantation  of  Er  and  O  followed  by  annealing  at  700°C.  Second,  some 
samples  of  Cz-Si:Er  were  subjected  to  additional  heat  treatment  at  450°C  to  produce  the  well-known  Thermal 
Double  Donors  (TDD)  and  elucidate  the  features  of  oxygen  aggregation  in  the  presence  of  Er[0]n  -related 
complexes. 

Commercial  Cz-Si  wafers  doped  with  B  (p=7  Ohm-cm)  were  used  as  substrates  for  the  production  of  n-type 
layers  by  implantation  of  Er  or  co-implantation  of  Er  and  O.  Th^  ene^y  of  ions  was  1 .2  MeV  and  0. 1 7  MeV  for 
Er  and  O,  respectively.  The  doses  used  for  Er  were  mostly  MO  cm”  and  those  for  O  were  always  higher  by  an 
order-of-magnitude.  Under  such  conditions,  the  implanted  layers  were  far  from  being  amorphous,  as  evidenced 
by  X-ray  and  Raman  spectroscopic  measurements.  All  implanted  samples  were  subjected  to  annealing  at  700°C 
for  30  min  in  a  chlorine-containing  atmosphere  to  remove  radiation  damage.  Further  heat  treatment  if  applied 
were  performed  at  450°C  in  dry  nitrogen.  Electrical  and  optical  measurements  were  taken  to  estimate  contributions 
of  various  donor  centers. 

Er-related  defects  were  found  to  be  effective  nucleation  sites  for  oxygen  aggregation  in  Cz-Si:Er.  In  this  case  the 
distribution  of  donor  centers  over  thier  ionization  energies  ranges  from  «0.03  eV  to  0.09  eV  and  peaks  at  «0.07 
eV.  With  increasing  oxygen  content  for  Cz-Si:Er:0  the  contribution  of  shallow  donor  centers  increases  and  their 
distribution  has  a  maximum  at  “E^  -0.04  eV.  However,  the  total  concentration  of  shallow  donors  remains 
practically  the  same  as  in  the  case  of  Cz-Si:Er,  since  the  concentration  of  Er-related  nucleation  sites  is  comparable 
in  both  cases. 

Heat  treatment  of  Cz-Si:Er  at  450°C  leads  to  enhanced  formation  of  the  lower-numbered  TDD  (TDDl  -  TDD4) 
and  their  formation  rate  at  the  beginning  of  heat  treatment  is  increased  by  a  factor  of  five  as  compared  to  Cz-Si 
subjected  to  the  same  heat  treatment.  This  heat  treatment  does  not  change  the  concentration  of  donor  centers 
already  existing  in  Cz-Si:Er  after  the  700°C  annealing.  Most  likely,  the  oxygen  aggregation  path  proceeds  via 
other  nucleation  sites  than  Er[0]n  -  related  complexes  formed  during  post-implantation  annealing. 
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Erbium  is  an  efficient  luminescent  center  in  silicon.  The  sharp  line  luminescence  at  A  =  15  ^^^is  interpreted  as 
the  result  of  an  internal  4f  transition  and  should  be  assigned  to  transitions  from  the  first  excited  state"^  A  32 

the  ground  state"^  /.,  52  of  Er^"^  (4/'*  ^ ).  Moreover,  it  has  been  demonstrated  that  oxygen  coimplantation  enhances 
the  Er  luminescence  and  the  origin  of  this  enhancement  is  still  unclear. 

In  this  work,  the  electronic  structure  calculations  of  erbium-oxygen  complexes  in  silicon  have  been  carried  out 
by  using  the  self-consistent-field  multiple  scattering  theory  in  within  the  framework  of  the  molecular  cluster 
model.  The  quasirel  -ativistic  theory  in  which  the  radial  functions  inside  each  atomic  sphere  satisfy  an  average 
Dirac  equation  that  includes  the  Darwin  and  mass- velocity  corrections,  but  not  spin-orbit  term,  has  been  used. 

The  Er  4J  and  6s  states  have  been  treated  as  valence  states.  The  calculated  results  do  not  support  the  assumptions 

that  the  4j  electrons  could  be  treated  as  a  frozen  core.  The  results  also  show  that  some  kind  of  hybridization 

among  4J  ,  65,  Sd,  and  6p  orbitals  takes  place  in  the  interaction  between  Er,  oxygen  and  silicon  host  atoms. 

Based  in  the  assumptions  that  the  4}  —  derived  states  must  have  an  atomic-like  character  and  a  small  crystal 

field  splitting,  we  propose  a  microscopic  model  which  provides  a  consistent  interpretation  for  the 
photoluminescence  measurements. 
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Optical  transitions  within  the  4f  shell  of  rare  earth  dopants  in  semiconductors  can  be  utilised  for  a  variety  of 
applications  like  photon  up-conversion,  optical  amplification  and  lasers.  Last  not  least,  because  of  its  enormous 
technical  potential  in  fibre  optical  communication  systems,  the  1 .54  |xm  luminescence  of  Erbium  in  glasses,  III- 
V  and  II-VI  compounds  has  attracted  also  considerable  interest  in  the  possibility  to  use  Si  as  host  material  for 
luminescence  type  devices.  Unfortunately,  the  photoluminescence  (PL)  yield  and  also  the  electroluminescence 
(EL)  yield  of  forward  bias  operated  diodes  quenches  for  Si  already  at  temperatures  well  below  room  temperature, 
whereas  diodes  operated  under  reverse  bias  conditions  exhibit  much  less  efficient  quenching  and  sizeable  output 
even  at  300  K. 

In  this  paper  we  discuss  the  mechanisms  responsible  for  the  luminescence  quenching  in  Si:Er.  We  investigate 
both  the  yield  and  the  luminescence  life  time  of  forward  biased  EL  diodes.  We  find  that  the  EL  yield  and  the 
decay  time  exhibit  the  same  temperature  dependence  as  in  PL  indicating  the  same  excitation  and  parasitic  decay 
mechanisms.  Both  the  yield  and  the  effective  lifetime  decrease  exponentially  above  a  temperature  of  about  1 50- 
200  K,  depending  somewhat  on  the  Er  center  under  consideration  and  on  the  sample  preparation  conditions. 
These  findings  clearly  show  that  non-radiative  deexcitation  of  the  Er  occurs  as  a  thermally  activated  process. 

It  was  demonstrated  in  the  literature  that  under  reverse  bias  conditions  the  luminescence  quenching  is  less 
effective  and  for  an  explanation,  an  Auger  process  was  considered  by  which  free  carriers  are  excited  by 
radiationless  deexcitation  of  the  Er  4f  sh|ll.  In  order  to  test  this  assumption  for  our  moderately  doped  samples 
(the  carrier  concentrations  are  below  1 0  cm"  in  both  the  n-  and  p-  type  regions)  we  investigate  the  EL  yield  of 
diodes  which  do  not  show  emission  under  reverse  bias  conditions.  In  order  to  excite  the  Er  ions  we  apply  a  short 
forward  pulse  to  the  reverse  biased  diode.  No  difference  is  seen  in  the  decay  time  constant  as  compared  to  the 
case  of  a  forward  bias  close  to  flat  band  condition.  We  conclude  thus  that  free  carriers  do  not  affect  the  non- 
radiative  recombination  in  the  concentration  regime  considered.  This  conclusion  is  supported  also  by  the 
observation  of  identical  PL  under  different  bias  conditions. 

Therefore  a  different  deexcitation  mechanism  must  be  invoked  in  order  to  explain  the  luminescence  quenching 
in  moderately  doped  samples.  Here  we  consider  bypassing  mechanisms  and  energy  backtransfer  to  activator 
states,  which  are  shown  to  improve  the  PL  yield  in  oxygen-codoped  material. 

In  some  samples  we  observe  also  1 .54  pm  PL  and  EL  at  room  temperature.  We  show  that  this  emission  is  caused 
rather  by  dislocations  and  Er  is  not  involved. 
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Dislocation-related  luminescence  D  bands  were  observed  in  plastically  deformed  silicon  and  strain-relieved 
SiGe  epitaxial  layers  [1,2].  Recently,  we  found  D 1  and  D2  photoluminescence  lines  in  Si:Er  after  postimplantation 
annealing  at  llOO^C  [3].  The  purpose  of  our  work  was  to  study  an  influence  of  implantation  and  annealing 
conditions  on  formation  of  structural  defects  and  photoluminescence  in  Si:Er. 

12  14-2 

For  formation  of  Si:Er,  Er  ions  were  implanted  at  0.8  -  2.0  MeV  energy  and  1  x  10  -4x10  cm  dose  in  FZ- 

and  Cz-Si  with  a  resistivity  of  1-20  Qcm.  Co-implantation  of  oxygen  ions  with  0,1  -  0.25  MeV  energy  ^nd 
Ixl0^^-4xl0^^  cm”^  dose  was  also  performed.  Postimplantation  annealing  was  carried  out  at  1000  -1250  C 
for  0.25  -  8  h  in  various  ambient  surroundings,  TEM,  X-ray  diffraction,  optical  microscopy  and  photoluminescence 
techniques  were  used  to  study  the  properties  of  Si:Er. 

The  different  types  of  structural  defects  (dislocations,  stacking  faults  and  precipitates)  were  observed.  The  type 
of  dominant  defects  depends  on  the  Er  implantation  dose  and  the  ^emperature  and  medium  of  annealing.  For 
example,  implantation  of  1  Mev  Er  ions  at  a  dose  of  1x10  ^  cm"^  and  subsequent  annealing  at  1100  C  in  a 
chlorine  containing  atmosphere  led  to  formation  of  Frank  loops  with  stacking  faults  of ^.7  -  3.5  gm^size  and 
2x10^-1x10^  cm'*  density  and  prismatic  dislocation  loops  of  0.1  - 1 .0  |xm  size  and  2x10  -  7x10  cm  density. 

We  observed  formation  of  only  the  1525  nm  (Dl)  and  1417  nm  (D2)  luminescence  lines.  It  is  important  to 
underline  that  there  were  no  Er-related  (1537  nm)  luminescence  line  after  annealing  at  temperatures  higher  than 
lOOO^C.  The  strictly  specified  wavelengths  of  observed  Dl  and  D2  lines  suggests  that  there  is  no  deformation  in 
samples  after  annealing  at  1  lOO^C.  The  shape  of  the  Dl  line  is  practically  the  same  in  all  the  samples,  whereas 
the  D2  line  shape  depends  on  the  sample  preparing  conditions.  There  is  no  a  correlation  between  the  Dl  and  D2 
line  intensities.  We  observed  an  increase  of  the  line  intensity  with  increasing  density  of  Frank  dislocation  loops 
of  small  sizes. 

In  conclusion,  TEM  and  double  crystal  X-ray  diffraction  permitted  to  study  deformation  variations  and  structural 
defect  formation  during  high  energy  ion  implantation  and  subsequent  annealing.  Some  correlations  between  the 
defect  structures  observed  and  D  line  luminescence  intensity  took  place. 

[1]  R.Sauer  et  al.  Appl.  Phys.  A  36, 1  (1985). 

[2]  V.Higgs  et  al.  Appl.  Phys.  Lett.  61,  1087  (1992). 

[3]  N.A.Sobolev  et  al.  Mater.  Sci.  Forum  196-201, 597  (1995). 
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The  understanding  of  formation  of  Er-related  electrically  and  optically  active  centers  and  structural  defects  is 
essential  to  improve  the  luminescence  intensity  of  Si:Er  structures.  The  purpose  of  our  work  was  to  study 
electrical,  luminescence  and  structural  properties  of  Si:Er  during  implantation  and  annealing. 

12  15  -2 

For  formation  of  Si:Er,  Er  ions  were  implanted  at  0.5  -  2.0  MeV  energy  and  5x10  -  3.2x10  cm  dose  in  FZ- 

and  Cz-Si.  Co-implantation  of  O,  F,  N  and  C  ions  with  0.06  -  0.25  MeV  energy  and  5x  10  ^  -  4.8x10  ^cm'^  dose 
was  also  performed.  Postimplantation  annealing  was  carried  out  at  400  ±  900  C  for  0.25  -  4  h  in  various 
ambient  surroudings.  Rapid  thermal  annealing  was  also  used.  SIMS,  RBS,  TEM,  X-ray  diffraction,  DLTS, 
capacitance-voltage,  photo-  and  electroluminescence  (PL  and  EL)  techniques  were  used  to  study  the  properties 
of  Si:Er. 

Dependent  on  technological  conditions,  several  types  of  luminescence  lines,  Er-related  (1 .54  |LLm),  free  exciton 
(1.124  pm)  and  defect-related  (  1.3  -  1.5  pm),  were  observed.  The  Er-rehted  luminescence  intens^^  increases 
monotonically  with  increasing  implantation  dose  in  the  intervals  of  5x  1 0  -1x10  cm'  and  8x10  -  3.2x  1 0 

cm"  .  At  the  same  time,  the  intensity  decreases  in  the  intermediate  dose  range.  Strong  variations  in  the  spectrum 
of  electrically  active  Er-related  centers  were  also  observed  in  dependence  of  technological  conditions.  The 
observed  changes  in  optical  and  electrical  properties  of  Si:Er  were  related  to  defect  structure  transformations.  In 
particular,  we  consider  that  a  decrease  of  the  Er-related  luminescence  line  intensity  after  implantation  of  Er  at  a 
dose  of  1x1 0^"^  -  8x10  cm'"^  is  associated  with  formation  of  Er-related  precipitates  (which  we  observed  by 

TEM)  being  optically  inactive  centers. 

Co-implantation  of  Er  and  some  elements  (more  electronegative  than  Si)  led  to  an  increase  of  the  PL  and  EL 
intensity.  Such  samples  were  characterized  by  a  rich  fine  structure  of  luminescence  and  DLTS  spectra.  Our 
experiments  showed  that  enhancement  of  light  emission  from  Er  after  ligand  introduction  took  place  due  to 
optimization  of  the  excitation  and  back  transfer  processes  rather  than  ligand  gettering  of  nonradiative  centers. 

We  have  fabricated  Si:Er:0  LED  demonstrating  EL  at  300  K.  EL  was  observed  both  under  forward  and  in 
reverse  bias  conditions.  EL  under  reverse  bias  was  excited  by  impact  excitation.  Its  intensity  was  reduced  by  a 
factor  of  2  with  the  temperature  increased  from  70  K  to  300  K. 
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We  propose  one  of  possible  mechanisms  for  realizing  of  an  inversive  distribution  of  the  f  electrons  of  the  Er^^ 
ions  placed  into  semiconductor  heterostructure^with  quantum  wells.  The  heterostructure  with  wells  of  different 
effective  band  gaps  Egi  =^1-24  eV  and  Eg2  =  O.SeV  is  discussed.These  energies  correspond  to  transitions 
Er"^^  ion  from  ground  state  1 15/2  to  excited  states  Iii/2^nd  1 13/2  correspondingly. 

Previously  [  1]  it  was  shown  that  the  Coulomb  excitation  of  f-electron  by  electron-hole  Auger  recombination  in 
a  quantum  well  is  more  effective  than  in  a  bulk  of  semiconductor  if  this  process  is  resonant.  Resonance  excitation 
of  the  f-electr(^s  in  a  well  takes  place  in  the  case  when  distance  between  quantum-size  energy  levels  of  electrons 
and  holes  Eg^  «  Eg  +  Eq^  +  (^Oc  ^h  ^^e  magnitudes  of  ground  state  quantum-size  energy  levels  ^f 
electron  and  holes,  correspondingly)  is  exactly  equal  to  distance  between  ground  and  excited  states  of  the  Er 
ion.  This  Coulomb  mechanism  of  the  excitation  of  the  erbium  ion  allows  to  exerts  control  over  the  resonance 
condition  by  varying  parameters  of  a  well.  We  discuss^the  structure  with  two  types  of  wells  of  different  depth  in 
order  for  the  transitions  ^15/2  ^Iy/2  and  I15/2  ->  ^Ii3/2  would  be  excited.  For  both  transitions  the  Coulomb 

excitation  rate  is  equal  to  about  10‘^s'\  Characteristic  decay  time  of  the  Er  related  emission  is  equal  to  10‘  - 
10'“^  s.  Hence,  this  mechanism  of  excitation  of  f-f  transitions  is  effective,  even  though  the  concentration  n(Er)  is 
more  lager  than  electron-hole  pairs  concentration  n|e,h).  It  should  be  noted  that  depth  one  o|  quantum^  well 
should  be  more  than  1.3  eV  in  order  to  excite  the  I15/2  ->  I11/2  transition.  The  reversive  I11/2 
transitions  can  produce  inversive  distribution  of  the  f-electrons  ^etween  the  I13/2  and  I]  5/2  states  of  the  Er 
ions  in  consequence  of  it  induced  radiated  transitions  I13/2  — >  1 15/2  should  take  place  in  that  system. 

The  optimal  laser  structure  must  content  several  quantum  wells  with  Eg^^  =  1 .24  eV  and  Eg®^  =  0.8  eV.  This 
structure  would  be  realized  on  base  of  the  InGaAsP  compounds.  Our  estimates  show  that  in  the  regime  of 
generation  the  characteristic  time  of  induced  transitions  is  e^ual  to  about  10"  - 10’  s,  and  power  irradiation  is 
equal  to  about  100  mW  at  threshold  current  near  200  A/cm  . 

[  1 1  G.G.Zegrya,  and  V.F.Masterov.  Semiconductors  29,  989  ( 1 995) 
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Er-doped  semiconductors  have  been  widely  studied  because  of  their  possible  applications  to  new  optical  devices, 
but  the  atomic  configurations  of  Er  luminescence  centers  are  not  yet  understood.  The  electron  spin  resonance 
(ESR)  is  an  effective  method  of  understanding  these  configurations.  ESR  signals  associated  with  Er  were  recently 
observed  in  silicon  implanted  with  Er  and  oxygen.  [1]  Here  we  report  on  ESR  signals  in  Er-doped  GaAs  grown 
with  oxygen  codoping  by  metalorganic  chemical  vapor  deposition  (MOCVD)  which  shows  strong  Er-related 
luminescence.  [2]  An  ESR  signal  with  the  effective  g-value  of  about  6  has  been  observed  in  GaAs  implanted 
with  Er  and  oxygen  [3]  and  in  melt-grown  GaAs  crystals  doped  with  Er.  [4]  In  this  work,  we  also  observed  a 
broad  and  weak  ESR  signal  with  g=5.95  in  Er-doped  GaAs  grown  by  MOCVD,  while  in  the  oxygen-codoped 
sample,  in  additional  to  this  signal,  at  least  six  narrow  and  strong  ESR  signals  were  observed.  The  relative  ESR 
intensities  of  these  signals  were  about  two  orders  of  magnitude  higher  than  that  of  the  signal  with  g=5.95  for  the 
sample  without  oxygen  codoping.  These  signals  were  anisotropic.  When  the  magnetic  field  was  nearly  parallel 
to  the  [100]  direction,  the  effective  g-values  of  these  signals  were  2.25,  2.13,  0.92,  0.86,  0.79,  and  0.75. 
Comparisons  of  signals  from  various  samples  with  different  Er  concentrations  and  changes  in  ESR  spectrum 
under  the  illumination  with  632-nm  laser  indicate  that  these  signals  originate  from  at  least  two  types  of  Er- 
oxygen  complexes.  We  discuss  the  relation  between  the  ESR  spectrum  and  the  photoluminescence  spectrum  due 
to  Er  centers.  We  also  discuss  the  nature  of  the  Er-oxygen  complexes  responsible  for  the  Er-related  spectra. 

[1]  J.  D.  Carey,  J.  F.  Donegan,  R.  C.  Barklie,  F.  Priolo,  G.  Franzo  and  S.  Coffa,  Appl.  Phys.  Lett.  69,  3854  (1996). 

[2]  K.  Takahei  and  A.  Taguchi,  J.  Appl.  Phys.  74, 1979  (1993). 

[3]  P.  B.  Klein,  F.  G.  Moore  and  H.  B.  Dietrich,  Appl.  Phys.  Lett.  58,  502  (1991). 

[4]  M.  Baeumler,  J.  Schneider,  F.  Kohl  and  E.  Tomzig,  J.  Phys.  C:  Solid  state  Phys  20,  L963  (1987). 
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Studies  of  erbium  photoluminescence  in  erbium-doped  semiconductor  matrices  of  different  nature  (crystalline 
and  amorphous  silicon,  AlGaAs,  GaAs/AlGaAs  quantum  structure)  have  shown  that  in  most  cases  the  main 
excitation  channel  of  erbium  ions  is  an  Auger  process.  A  free  carrier  is  captured  by  a  defect  state  induced  in  the 
bandgap  of  the  semiconductor  by  an  erbium  ion  or  erbium-containig  complex,  while  the  energy  released  is 
transferred  via  Coulomb  interaction  to  an  f-electron  to  excite  it  to  an  upper  state  of  the  f-shell.  The  excess  energy 
is  transferred  to  defects  and  emitted  as  phonons. 

In  the  case  of  AlGaAs,  erbium  induces  hole  traps,  therefore  the  Auger  excitation  proceeds  via  recombination  of 
a  free  electron  with  a  localized  hole.  In  crystalline  silicon  erbium-oxygen  complexes  produce  donor  states  in  the 
bandgap  and  the  Auger  excitation  occurs  by  recombination  of  localized  electrons  with  free  holes.  In  amorphous 
silicon  doping  by  erbium  is  accompanied  by  formation  of  dangling  bond  defects,  and  Auger  excitation  processes 
take  place  via  capture  of  conduction  band  electrons  by  dangling  bonds  in  neutral  state. 

Calculations  are  performed  of  the  probabilities  of  three  types  of  transitions  leading  to  a  capture  of  a  free  carrier 
by  a  defect  level:  1)  radiative  transition  (observed  by  defect  luminescence),  2)  multiphonon  nonradiative  transition, 
and  3)  Auger  excitation  of  erbium  ion.  It  is  demonstrated  that  that  the  probability  of  the  Auger  process  exceeds 
the  probability  of  the  radiative  transition  practically  in  all  types  of  semiconductor  matrices.  With  an  increase  of 
the  temperature  the  probability  of  multiphonon  nonradiative  transitions  increases  quasi-exponentially,  and  the 
competition  of  this  transition  with  the  Auger  excitation  leads  to  temperature  quenching  of  erbium  luminescence. 
The  reverse  process  of  de-excitation  of  an  erbium  ion  via  energy  transfer  back  to  the  defect  level  is  considered 
in  which  the  energy  of  an  excited  f-electron  is  given  up  to  generate  a  free  carrier  from  the  defect  level.  The 
activation  energy  of  this  process  is  the  difference  of  the  energy  of  thermal  ionization  and  the  energy  of  excitation 
of  an  f-electron.  The  probability  of  such  processes  is  calculated  for  AlGaAs  and  amorphous  silicon. 

Theoretical  calculations  are  compared  with  experimentally  determined  temperature  dependences  of  intensity  of 
erbium  luminescence  in  various  semiconductors.  Good  agreement  of  the  theory  with  the  experiment  is  obtained 
and  parameters  of  the  theoretical  model  (local  phonon  energy,  parameter  of  electron-phonon  interaction  etc.)  are 
determined. 
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According  to  the  empirical  rule  of  Favenec  et  al.\  the  temperature  induced  quenching  of  the  1.54  p.m 
photoluminescence  (PL)  of  Erbium  in  different  host  crystals  occurs  at  higher  temperatures  for  materials  with 
larger  energy  gap.  Therefore  also  nano-porous  Si  has  been  doped  with  Er  and  first  results  appeared  very  promissing: 
strong  luminescence  could  be  obtained  also  well  above  room  temperature  whereas  the  PL  of  Er  in  crystalline  Si 
quenches  already  below  200  K.  So  far,  however,  no  information  concerning  the  structure  of  Er  centers  in  po-Si 
were  obtained. 

In  this  contribution,  we  report  results  from  excitation  spectroscopy  on  po-Si:Er  which  indicate  that  the  high 
temperature  luminescence  in  our  samples  is  rather  due  to  Er  embedded  in  Si02-S  clusters.  Porous  Si  layers  with 
a  thickness  of  2  pm  and  a  porosity  of  75%  were  prepared  by  anodic  etching.  Er  was  introduced  electrolytically 
from  ErCl3  dissolved  in  ethanol.  After  annealing  at  lOOO^C  for  10  s  in  an  O2/N2  athmoshere  the  samples  show 
a  sharp  and  intense  Er^^  related  luminescence  at  4.2  K  which  decreases  only  by  a  factor  of  6  when  the  temperature 
is  increased  to  300  K.  This  spectrum  consists  of  one  line  centered  at  1539  nm  and  a  FWHM  of  3.6  nm  at  4.2  K 
and  a  second  line,  at  least  three  times  as  narrow,  centered  at  1548  nm.  In  addition,  there  is  a  second  set  of  more 
than  4  lines  superimposed  at  direct  excitation.  This  spectrum  is  quenched  efficiently  already  at  temperatures  as 
low  as  40  K. 

Both  types  of  spectra  clearly  show  resonances  when  excited  in  the  800  and  980  nm  bands  which  correspond  to 
the  J  =  15/2->9/2  and  the  15/2->l  1/2  excitation  transitions,  respectively,  within  the  4f  shell  of  Er.  For  the  sharp 
spectrum,  we  observe  at  least  6  sharp  excitation  lines  close  to  970  nm  and  5  lines  close  to  800  nm.  The  exact  line 
positions  at  1 .54  pm  and  their  widths  are  comparable  to  those  seen  in  crystalline  Si  and  III- V  compound 
semiconductors.  The  number  of  excitation  lines  excludes  cubic  symmetry  of  the  centres  responsible.  We  attribute 
only  this  type  of  spectrum  to  Er  diffused  into  the  po-Si.  The  low  quenching  temperature  may  be  related  to  non- 
radiative  recombination  at  surface  defects. 

We  attribute  the  wider  spectrum  seen  up  to  temperatures  well  above  360  K  to  Er  in  an  Si02  -  like  surrounding 
because  of  its  striking  similarity  with  both  the  PL  and  the  excitation  PL  spectra  seen  in  fused  silica  doped  with 
Er.  We  conclude  thus  that  the  efficient  room  temperature  Er-  luminescence  seen  in  samples  doped  electrolytically 
with  Er  and  subjected  to  annealing  at  1000°C  in  oxygen-rich  athmosphere  is  rather  due  to  Er  incorporated  in  a 
glass  like  environment. 

[1]  P.N.  Favennec,  H.  LHaridon,  D.  Moutonnet,  M.  Salvi,  and  M.  Gauneau,  Mat.  Res.  Soc.  Symp.  Proc.  301, 181 
(1993) 
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INFLUENCE  OF  THE  ERBIUM  DOPING  ON  STRUCTURE  AND 
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The  InxGai.xAs/GaAs  structures  at  x  =  0,1 -0.2  doped  with  erbium  have  been  prepared  by  MBE  method.  The 
quantum  wells  in  the  InxGai.xAs/GaAs  structures  were  formed  by  alternating  of  1.4  InAs  monolayer  and  7 
GaAs  monolayers  of  general  width  about  1 2  nm.  The  width  of  GaAs  barriers  was  equal  to  25  nm.  Erbium^^opin^ 
of  the  structure  was  achieved  by  Er  introduction  into  quantum  wells  at  the  concentration  (2-3)10  cm  . 
Characterization  of  the  fabricated  structures  was  done  with  SIMS  technique  with  the  resolution  of  5  nm  and  with 
X-ray  spectrometer. 

19  -3 

The  SIMS  measurements  have  shown  that  the  maximum  of  Er  concentration  2.10  cm  takes  place  on 
heteroboundaries.  Accordingly  to  the  SIMS  data  in  both  undoped  and  doped  samples  quantum  wells  are  formed 
by  InxGai^xAs  compound  with  some  difference  of  the  average  indium  concentration:  14%  and  15%, 
correspondingly.  The  X-ray  studies  of  the  undoped  and  doped  samples  show  that  the  structure  of  superlattice 
doped  with  erbium  is  more  perfective  than  the  structure  without  erbium.  Specifically,  the  density  of  defects  in 
undoped  samples  is  about  1.2  x  10^  cm‘^  and  less  than  or  equal  to  1.5x10^  cm‘^  in  erbium  doped  samples. 
Besides,  intensity  of  diffraction  peaks  in  doped  sample  is  more  and  their  width  is  less  than  in  undoped  sample. 
The  average  misfit  parameters  for  these  structures  obtained  from  X-ray  data  is  equal  to  0.3%  and  0.4% 
correspondingly.  The  X-ray  study  also  show  the  absent  of  the  interfaces  separating  the  InAs  and  GaAs  layers  in 
quantum  wells,  the  quantum  wells  are  formed  by  the  homogenous  InGaAs  compounds.  The  width  of  quantum 
wells  in  Er  doped  structures,  12.2  nm,  are  somewhat  wider  than  in  undoped  ones,  10.2  nm. 

Absorption  spectrum  of  undoped  structure  contains  the  sharp  band  at  wavelength  near  0.86  jim,  attributable  to 
the  excitonic  transition.  There  are  also  four  absorption  bands  at  =  860,  852,  847,  and  842  nm,  which  are 
attributable  to  transitions  from  the  heavy  hole  levels  to  electron  miniband.  For  erbium  doped  sample  an  absorption 
band  has  moved  to  region  of  large  wavelengths.  The  exciton  peak  in  this  case  is  more  broader  than  in  spectrum 
of  the  undoped  sample  and  the  fine  structure  of  electron-hole  optical  transitions  disappears.  Besides,  a  new 
absorption  band  appears  at  the  long  wavelength  side  of  the  spectra,  which  is  attributable  to  transitions  from  the 
heavy  hole  levels  to  second  electron  miniband.  The  Er  related  emission  of  wavelength  1.54nm  was  observed  in 
erbium  doped  samples. 

We  calculated  the  energy-band  spectrum  of  the  coincided  structures  using  X-ray  and  SIMS  data.  Obtained 
results  allow  to  explain  the  optical  spectra  of  undoped  and  Er  doped  samples.  In  particular,  the  appearance  of  the 
second  electron  miniband  in  Er  doped  structures,  where  the  quantum  wells  turn  out  to  be  somewhat  deeper  and 
wider  than  in  the  undoped  samples.  The  broadening  of  the  absorption  spectra  in^Er  doped  samples  is  caused  by 
the  fluctuations  of  the  electric  field  induced  by  the  high  concentration  of  the  Er  ions  on  the  interface. 
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It  is  shown  that  the  introduction  of  erbium  in  GaAs/AlGaAs  quantum  well  structures  in  the  process  of  growth  by 
MBE  leads  to  efficient  interdiffusion  of  Ga  and  A1  and  diffusion  of  Er. 

The  erbium-doped  structures  were  grown  by  MBE  at  -600°C  on  GaAs  substrates  and  consist  of  an  AI;^.Gai.xAs 
etch  stop  layer  600  nm  thick  with  jc  =  0.3,  then  50  quantum  wells  of  10-nm  GaAs:Er  well  and  21-nm  AlGaAs 
barriers.  The  concentration  of  erbium  introduced  into  the  GaAs  QWs  was  controlled  by  the  temperature  of  the 
erbium  source.  In  all  the  samples  there  were  also  0.9-nm  AlAs  spikes  at  each  end  of  the  barriers  separating  the 
GaAs:Er  and  AlGaAs.  On  top  of  the  50  QWs  there  was  another  identical  600  nm  AlGaAs  window  to  symmetrize 
the  strain.  Finally  about  7-nm  of  GaAs  was  grown  on  top  to  prevent  the  AlGaAs  from  oxidizing.  For  comparison, 
a  structure  consisting  of  8-nm  GaAsiEr  (900°C)  layers  separated  by  22-nm  of  GaAs  repeated  50  times  with  300- 
nm  of  GaAs  on  top  and  a  sample  with  AlojGao jAs  layer  doped  by  erbium  were  also  grown. 

SIMS  profiles  measured  for  all  the  structures  showed  that  destruction  of  QWs  and  levelling  of  concentrations  of 
Er,  Ga,  and  A1  occur,  and  more  pronounced  the  higher  the  concentration  of  erbium  introduced  into  GaAs  layers 
during  the  MBE  growth.  This  fact  indicates  unusually  fast  diffusion  of  erbium  and  interdiffusion  of  gallium  and 
aluminum  for  600°  C,  the  temperature  of  the  GaAs  substrate. 

Further  support  for  these  conclusions  is  given  by  measurements  of  erbium  photoluminescence  which  in  the 
above  structures  exhibit  spectra  characteristic  of  AlGaAs  matrix  even  at  very  low  concentrations  of  erbium 
introduced.  The  latter  result  indicates  also  a  sort  of  interaction  between  erbium  and  aluminum,  so  that  erbium 
ions  prefer  to  have  aluminum  in  their  close  vicinity. 

Possible  mechanisms  of  erbium-induced  Ga-Al  interdiffusion  and  Er-Al  interaction  are  discussed. 
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Two  types  of  shallow  traps  with  binding  energies  of  20  and  50  meV  and  a  deep  trap  with  the  binding  energy  of 
about  400  meV  were  found  in  MBE-grown  AlGaAs:Er.  We  have  demonstrated  that  excitation  of  erbium 
luminescence  occurs  by  the  Auger  process  involving  these  three  types  of  traps. 

Photoluminescence  studies  in  erbium-doped  AIGaAs  reveal  three  series  of  erbium  emission  lines  at  1540  nm 
differing  by  their  temperature  dependence,  lifetimes,  and  linewidths.  The  intensity  ratio  of  lines  inside  the  series 
is  conserved  over  the  whole  temperature  range  studied.  These  three  series  of  erbium  luminescence  correspond  to 
^I]  3/2  ^I]  5/2  transition  from  the  lowest  excited  state  of  the  f-shell  to  the  ground  state.  Three  defect  luminescence 

bands  were  also  found  besides  exciton  luminescence.  The  differences  in  positions  of  defect  lines  and  exciton 
line  were  interpreted  as  the  binding  energies  of  defect  states.  Correlation  between  the  temperature  and  pumping 
rate  behavior  of  erbium  and  defect  luminescence  permits  to  connect  each  erbium  series  with  a  particular  type  of 
defect  state  from  this  set.  We  present  experimental  evidence  for  the  conclusion  that  excitation  of  erbium  ions 
occurs  via  Auger  processes  involving  these  three  types  of  defects.  Since  AIGaAs  is  a  wide  gap  semiconductor 
the  excitation  process  occurs  via  higher  excited  states  of  the  4f-shell  of  erbium  ion  which  is  demonstrated  by  an 
observation  of  luminescence  lines  with  the  energies  of  1 .49  and  1 .26  eV  corresponding  to  the  transitions  I9/2 
"^115/2  and  ^Ii  1/2  — >  ^Il5/2-  Th^s  fact  indicates  that  a  three-level  excitation  scheme  for  the  luminescence  on  1540 
nm  can  be  realized  in  AlGaAsiEr  favoring  the  conditions  for  laser  action.  Temperature  quenching  of  high  energy 
erbium  lines  is  also  studied. 

A  mechanism  of  Auger  excitation  of  erbium  ions  is  proposed  which  involves  recombination  of  a  free  electron 
with  a  hole  at  a  defect  with  a  transfer  of  the  energy  released  via  Coulomb  interaction  to  the  erbium  ion.  The 
excess  energy  is  transmitted  to  the  defect  and  released  by  phonon  emission.  This  mechanism  is  consistent  with 
the  whole  set  of  our  experimental  results  including  data  on  temperature  quenching  of  erbium  luminescence. 
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Er-doped  semiconductors  are  important  for  optical  communication  systems  since  one  of  the  prominent  luminescent 
peaks  of  Er  at  1 .5|xm  is  in  the  minimum  absorption  region  of  silica  based  optical  fiber,  luminescence  is  intra-4f- 
shell  transition  of  Er  intra-4f-shell  transition  is  stable  regardless  of  and  the  temperature.  III-V  semiconductors 
are  useful  as  host  semiconductors  for  Er-doping  because  advanced  growth  techniques  are  available.  Recently, 
the  Er  atoms  doped  in  GaAs  with  O  co-doping  showed  high  efficient  photoluminescence  ),  and  the  local 
structure  around  the  Er  atoms  attracts  strong  interest  because  photoluminescence  excitation  measurement  revealed 
that  the  Er  formed  many  types  of  luminescent  centers. 

In  this  work,  Er  doped  GaAs  samples  with  O  co-doping  )  were  investigated  by  fluorescence  EXAFS  (extended 
x-ray  absorption  fine  structure)  in  order  to  study  the  local  structure  around  the  Er  atoms.  The  sample  was  grown 
by  OMVPE  (organometallic  vapor  phase  epitaxy)  at  500°C.  The  concentration  of  the  Er  atoms  in  GaAs  was 
4.0x10  ^^cm  The  EXAFS  measurement  was  conducted  using  synchrotron  radiation  at  beam  line  BL12C  of 
the  Photon  Factory  in  the  National  Laboratory  for  High  Energy  Physics  at  Tsukuba.  Er  Luj-edge  EXAFS  was 
measured  at  lOOK  using  polarized  x-ray  to  [110]  or  [loverline  10]  direction,  polarized  x-ray,  the  position  of  the 
O  atoms  around  Er  atoms  could  be  identified  if  many  O  atoms  occupy  the  same  sites,  analyzed  assuming  several 
local  structures  around  the  Er  atoms.  For  example,  theoretical  EXAFS  spectra  of  Er  atoms  on  Ga  site  with  one  O 
atom  and  three  As  atoms,  and  with  two  O  atoms  and  two  As  atoms  on  the  nearest  As  sites  (Er-0  and  Er-20 
structures)  were  calculated  using  FEFF6  program. 

The  measured  %(k)  spectrum  was  Fourier  transformed  into  R-space.  In  the  Fourier  transformed  x(k)  spectrum, 
two  near  neighbor  peaks  were  clearly  observed  which  corresponded  to  O  and  As,  respectively.  The  bond  lengths 
of  Er-O  and  Er- As  were  obtained  to  be  2. 1 4AA  and  2.79AA,  respectively.  The  coordination  numbers  of  both  O 
atoms  and  As  atoms  were  two.  2. 14AA  is  close  to  the  Er-0  bond  length,  2.27 AA,  in  Er203.  If  two  As  atoms  and 
two  O  atoms  locate  on  tetrahedral  As  sites  in  GaAs  and  the  Er-0  bond  length  is  2.17AA,  the  Er-As  bond  length 
must  be  2.82AA.  This  value  is  close  the  obtained  value,  2.79AA.  The  shape  of  the  x(k)  spectrum  agreed  only 
with  the  calculated  spectrum  assuming  the  Er-20  structure. 

Therefore  we  concluded  that  most  of  the  Er  atoms  doped  in  GaAs  with  O  co-doping  constructed  Er-20  structure 
even  in  the  sample  where  many  types  of  luminescent  centers  were  observed.  This  result  suggests  that  the  difference 
of  the  luminescent  centers  are  due  to  the  difference  of  the  configurations  of  atoms  further  than  2nd  near-neighbors 
around  the  Er  atoms. 

[1]  K.  Takahei,  and  A.  Taguchi,  J.  Appl.  Phys.,  77,  1735  (1995). 

[2]  K.  Takahei,  A.  Taguchi  and  Y.  Horikoshi,  J.  Appl.  Phys.  76,  4332  (1994). 
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An  optical  spectroscopic  study  of  Er  centers  in  MOCVD-grown  GaAs:Er,0  under  hydrostatic  pressure  is  reported. 
At  ambient  pressure  the  host-excited  photoluminescence  (HEPL)  spectrum  of  these  samples  is  dominated  by  the 
sharp  PL  lines  from  one  type  of  Er  center[  1  ] .  The  luminescence  is  in  the  1 .5  pm  region  and  is  due  to  the  crystal- 
field-split  intra-4f-shell  transitions  3/2-  5/2*  By  resonantly  exciting  the  4f-shell  of  the  Er  ions  directly,  at 

least  10  different  types  of  Er  centers  with  distinctly  different  PL  spectrum  are  observed  to  be  simultaneously 
present  within  the  sample,  these  different  types  of  Er  centers  being  different  complexes  of  Er  with  other  impurity 
elements  including  native  defects  of  GaAs[2]. 

Under  the  application  of  hydrostatic  pressure  several  new  transitions  appears  at  1 .5  pm  in  a  HEPL  spectrum.  By 
comparison  with  photoluminescence  spectra  obtained  by  resonant  excitation  of  the  Er  4f-shell  at  ambient  pressure, 
the  new  luminescence  is  attributed  to  two  types  of  Er  center  present  in  the  sample  but  silent  by  HEPL  at  ambient 
pressure.  For  the  Er  centers  observed  at  elevated  pressures,  a  study  of  the  temperature  dependence  of  HEPL 
intensity  as  a  function  of  pressure  was  made. 

If  the  4f-shell  of  the  Er  ion  is  excited  by  way  of  the  non-radiative  recombination  of  an  exciton  bound  to  an  Er 
center-related  trap  level,  the  temperature  dependence  of  HEPL  intensity  depends  on  both  back-transfer  (the 
opposite  of  the  excitation  process)  and  carrier  thermal ization  from  the  trap  level,  the  dominance  of  either  process 
being  determined  by  the  position  of  the  trap-level  within  the  bandgap.  The  appearance  of  Er-related  luminescence 
under  the  hydrostatic  pressure  is  found  to  be  well  explained  in  terms  of  the  trap  level  of  the  Er  center  entering  the 
band-gap  of  the  host.  Furthermore,  by  studying  the  effects  of  the  F/X  crossover  at  -40  kbar,  where  the  GaAs 
band-structure  changes  from  direct  to  indirect,  and  by  considering  the  pressure  coefficient  of  the  trap  depth,  we 
deduced  that  both  electron  and  hole  traps  are  formed  by  the  Er  centers  having  different  atomic  configurations. 

[  1  ]  K  Takahei  and  A  Taguchi  1 993  J.  Appl.  Phys.  74  1 979. 

[2]  K  Tahahei  and  A  Taguchi  1 995  J.  Appl.  Phys.  78  5614. 
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Strong  rare-earth  (RE)  4f-emissions  from  erbium  and  neodymium  ion-implanted  GaN  have  been  observed  through 
photoluminescence  (PL)  measurements.  MOCVD-grown  GaN  was^implanted  with  Nd  and  Er  at  ion  energies  of 
910  and  1150  keV,  respectively,  with  doses  of  1x10^'  and  5x10  cm'"^  at  room  temperature.  The  implanted 

samples  were  annealed  in  a  conventional  furnace  in  flowing  NH3  gas  at  temperatures  ranging  from  700  to  1050 
°C  with  a  proximity  cap.  The  results  of  annealing  temperature  dependent  PL  measurements  showed  that  the 
optimal  annealing  temperature  was  1000  for  both  Er  and  Nd,  and  surface  degradation  became  evident  for 
annealing  above  1000  X.  PL  measurements  were  also  performed  as  a  function  of  excitation  laser  wavelength 
from  an  Ar  -ion  laser  ranging  from  above  (275  nm)  and  below  (514.5  nm)  bandgap  energy  at  the  sample 
temperatures  ranging  from  2  to  300  K. 

Low  temperature  PL  of  the  Nd-implanted  GaN  showed  three  well-resolved  4f-transitions  of  the  '^F3/2— 3/2  at 
~1 .46  pm,  F3/2~^  I^y2  ^1  ~L14  pm,  and  F3/2— >  I9/2  at  -0.98  pm,  which  originate  from  the  crystal-field  split 
manifolds  of  the  Nd  center.  An  energy  level  model  is  proposed  which  accounts  for  most  of  the  observed 
transitions,  and  it  is  believed  that  all  these  emissions  originated  from  only  one  non-cubic  Nd  center.  Numerous 
new  luminescence  peaks  were  observed  as  the  wavelength  of  the  laser  excitation  was  lowered.  The  annealing 
behavior  of  the  sample  showed  that  appreciable  Nd-related  luminescence  can  be  observed  only  after  annealing 
the  sample  at  800  °C,  and  the  PL  intensity  increased  with  the  annealing  temperature  through  1000  ”c.  The  T3/ 
2^  1 1 1/2  emissions  (-1.10  pm)  were  found  to  persist  to  room  temperature  with  no  shift  in  energetic  location. 
Oxygen  coimplantation  with  Nd  was  found  to  result  in  no  enhancement  in  Nd  luminescence,  and  no  changes  in 
the  annealing  properties  or  peak  locations. 

The  results  of  PL  measurements  of  Er-implanted  GaN  showed  two  well-resolved  4f-transitions  of  the  Er^^ 
center,  the  I13/2— >  I15/2  at  -1.54  pm  and  the  Ij  1/2— >  Il5/2  at  -1 .00  pm  from  the  crystal-field  split  manifolds. 
The  large  number  of  emission  peaks  were  observed  along  with  numerous  ‘hof  lines  from  the  sample  temperature 
dependent  PL.  An  energy  level  model  requiring  at  least  two  non-cubic  Ef  -centers  is  proposed,  which  accounts 
for  the  majority  of  the  observed  luminescence  peaks.  The  Er-related  luminescence  signal  is  first  observed  for 
samples  annealed  at  700  °C,  and  increases  in  intensity  with  the  annealing  tem^erature^hrough  1 000  ^C.  Although 
the  luminescence  signal  decreased  with  increasing  sample  temperature,  the  I13/2— >  1 15/2  manifold  (-1.54  pm) 
was  found  to  lose  only  one-half  of  its  integrated  intensity  as  temperature  increased  from  2  to  300  K.  Oxygen 
coimplantation  with  Er  was  found  to  enhance  the  -1 .54  pm  peaks  and  lower  the  optimal  annealing  temperature 
from  1000  to  800  ^C.  The  formation  of  Er-0  complexes  was  thought  to  be  responsible. 
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THEORY  OF  DISLOCATIONS  IN  GaN 
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First-principles  calculations  are  carried  out  in  large  clusters  and  supercells  containing  threading  edge  and  screw 
dislocations  in  wurtzite  GaN.  It  is  shown  that  the  relaxation  of  the  dislocation  cores  leads  to  the  elimination  of 
deep  levels  from  the  band  gap  in  both  types  of  dislocations  and  this  can  be  understood  in  terms  of  chemical 
arguments.  The  screw  dislocation  with  a  filled  core  is  unstable  against  one  with  an  open  core. 

The  edge  dislocation  does  not  possess  a  fully  rebonded  core  and  contains  three-fold  coordinated  Ga  and  N 
atoms. 

These  dislocation  core  structures  are  contrasted  with  those  found  by  similar  methods  for  dislocations  in  GaAs 
and  the  implication  of  these  results  to  the  stability  of  optical  devices  is  discussed. 
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VALENCE  CONTROLS  AND  CODOPING  IN  LOW-RESISTIVITY  N- 
TYPE  DIAMOND  BY  AB-INITIO  MOLECULAR-DYNAMICS 

SIMULATION 


X  Nishimatsu  H.  Katayama-Yoshida  and  N.  Orita  ^ 

“Department  of  Condensed  Matter  Physics,  The  Institute  of  Scientific  and  Industrial  Research, 

Osaka  University,  Osaka  567,  Japan. 

'’PRESTO,  Japan  Science  and  Technology  Corporation  (JST),  Saitama  332,  Japan 
Electrotechical  Laboratory,  Tsukuba  305,  Japan. 

Diamond  is  the  most  promising  materials  for  the  application  of  the  high-speed,  high-temperature,  and  high- 
power  electronic-devices.  It  is  well  known  that  the  fabrication  of  the  low-resistivity  p-type  diamond  is  easy  but 
that  of  n-type  diamond  is  very  difficult  because  of  the  super-widegap  (Eg=5.4eV)  semiconductors.  In  order  to 
make  materials  design  for  the  fabrication  of  the  low-resistivity  n-type  diamond,  we  study  the  nature  of  the  donor 
states  (N,  P,  and  B)  and  valence  controls  by  the  “codoping  method  (coping  n-  and  p-type  dopants  at  the  same 
time)”  in  diamond  using  ab-initio  molecular-dynamics  simulations  including  64  atoms  in  super-cell. 

We  find  that  the  N  is  a  deep  donor  with  a  large  C3V  pseudo-Jahn-Teller  distortions  (22%  distortion  of  one  C-N 
bond  in  C-C  distance)  at  low-temperatures,  and  the  self-trapped  (C3v)  N  state  with  uniaxial  symmetry  changes 
to  an  isotropic  donor  state  by  the  dynamical-Jahn-Teller  hopping  at  high-temperatures.  The  hopping  potential 
barriers  is  0.18  eV  in  our  calculation.  P  donor  state  with  C3V  states  is  more  shallow  than  N,  but  the  distortions 
of  N  are  mainly  breathing-type  (10%  distortion  of  four  n.n,  C  atoms  and  3.6%  of  P  in  C-C  bond  length).  We 
discuss  the  difference  of  the  electronic  structure  and  the  atomic  configuration  of  N  and  Phased  upon  the  pseudo- 
Jahn-Teller  interaction. 

In  order  to  make  materials  design  to  fabricate  the  low-resistivity  n-type  diamond,  we  have  calculated  the  stable 
atomic  configuration  and  electronic  structure  of  the  codoping  of  n-  (N  and  P)  and  p-type  (B)  dopants  at  the  same 
time.  We  discuss  the  stability  of  the  Madelung  energy  with  forming  p-  and  n-type  dopant-pair  and  the  lattice- 
relaxation  energy  with  large  atomic  size  (P)  and  small  atomic  size  dopants  (B)  at  the  same  time.  We  discuss  the 
optimization  of  the  codoped  atomic  configurations  of  p-type  B  and  n-type  2N  (or  2P)  pairs  in  diamond,  and  the 
materials  design  how  to  make  the  low-resistivity  n-type  diamond. 
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A  FIRST  PRINCIPLES  STUDY  OF  INTERSTIAL  Si  IN  DIAMOND 
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Si  is  known  to  be  incorporated  in  diamond  in  the  form  of  dispersed  impurities:  the  isotopic  data  available  for  the 
twelve-line,  1 .682  eV  zero-phonon-line  structure  arising  from  a  complex  of  Si  with  a  vacancy  correlates  with 
the  natural  abundances  of  Si.  However  there  has  long  been  suggestion  that  Si  may  also  exist  in  the  form  of  an 
interstitial. 

Local-density-functional  calculations  are  used  to  examine  the  structure  of  interstitial  Si  in  diamond.  It  is  found 
that  Si  is  only  marginally  stable  in  the  <100>  and  <1 10>  split-interstitial  configurations.  When  Si  is  placed  at  the 
Td  site,  the  structure  spontaneously  reconstructs  to  form  a  substitutional  Si  site  close  to  a  self-interstitial.  This 
structure  is  lower  in  energy  than  the  split  configurations  by  more  than  6  eV. 

Consequentially,  calculations  have  also  been  performed  on  substitutional  Si  close  to  a  <100>  self-interstitial.  It 
is  found  that  there  is  a  binding  between  the  interstitial  and  Si  atom:  the  lowest  energy  configuration  is  found 
where  the  Si  atom  lies  at  a  next-nearest  neighbour  site  from  the  site  shared  by  the  two  carbon  interstitial  atoms. 
Separating  them  by  a  further  lattice  site  increases  the  total  energy  by  around  1  eV. 

It  is  concluded  that  Si  would  not  adopt  an  interstitial  location  in  diamond,  but  may  form  complexes  with  interstitial 
carbon. 
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Vacancy  impurity  complexes  are  important  defects  in  large  band  gap  materials  like  diamond  as  they  often  give 
rise  to  characteristic  optical  lines  and  magnetic  signatures.  The  vacancy  model  for  impurity  vacancy  defects  in 
semiconductors  assumes  that  the  ground  and  low  energy  excited  states  are  derivable  from  the  four  sp  ‘  hybrid 
orbitals  on  atoms  bordering  the  vacancy.  This  means  that  the  optical  spectra  and  magnetic  structure  can  be 
calculated  with  some  confidence  and  there  are  many  cases  where  this  model  works:  for  example,  the  substitutional 
impurities  N,  Pand  Si  bordering  a  vacancy  within  diamond.  But  we  describe  here  a  counter-example  concerning 
the  lowest  excited  state  of  the  [V-N3]  defect.  This  well-known  defect  has  been  characterised  in  EPR,  optical 
absorption  and  luminescence  studies.  It  is  shown  that  the  defect  possesses  a  shallow  electron  trap,  localised 
outside  the  vacancy,  which  is  involved  in  the  lowest  excited  state  of  the  defect  and  responsible  for  the  weak  N2 
and  N4  optical  bands  associated  with  the  defect.  This  shallow  state  has  a  veiy  important  effect  on  th|  lifetime  of 
the  dominant  N3  luminescent  band.  The  important  point  is  that  this  state  does  not  arise  from  the  sp  hybrids  of 
the  vacancy  and  is  then  an  example  where  the  model  has  broken  down. 

The  implication  of  this  result  to  the  general  understanding  of  vacancy-like  defects  in  diamond  and  the  consequences 
for  the  recombination  of  photo-excited  carriers  in  other  systems  will  be  discussed. 
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The  N3  centre  in  diamond  consists  of  three  substitutional  nitrogen  atoms  each  of  which  is  a  nearest  neighbour  to 
the  same  vacant  lattice  site.  The  centre  is  found  in  most  natural  diamonds,  and  has  important  gemmological 
consequences.  The  centre  can  also  be  created  in  laboratory  conditions  by  heating  any  diamond  which  contains  N 
atoms.  Since  it  is  now  possible  to  synthesise  diamonds  with  excellent  control  of  their  properties,  N3  centres  can 
be  created  in  isotopically  controlled  diamonds.  However,  to  the  best  of  our  knowledge  the  effects  have  not  yet 


been  reported.  Here  we  show  that  the  N3  zero-phonon  line,  at  2.985  eV  in  natural  diamond,  is  shifted  by  +0.^14 
±  0.07  meV  in  diamond  doped  with  with  no  detectable  change  in  the  vibronic  bandshape.  In  'C 
diamond,  the 
ratio  (12/13) 


:  phonon  energies  of  all  features  in  the  vibronic  band  appear  to  be  reduced  from 
^  and  the  zero-phonon  shift  is  +4.5  ±  0.2  meV. 


12, 


C  diamond  in  the 


The  carbon  isotope  shift  can  be  understood  as  the  sum  of  three  terms.  The  first  two  are  familiar  in  this  type  of 
study,  the  third  is  novel: 

1-1  12 

1)  The  lattice  for  a  C  diamond  is  known  to  be  larger  than  for  C,  and,  from  the  known  response  of  the 
N3  line  to  hydrostatic  stress,  the  expansion  shifts  the  N3  zero-phonon  line  by  0.3  meV. 

2)  The  vibrational  frequencies  are  likely  to  be  different  in  the  ground  and  electronic  states.  The  effect  of  the 
isotopic  change  can  be  estimated  from  the  temperature  dependence  of  the  energy  of  the  N3  line,  at  2.7  ± 
0.4  meV. 


3)  In  addition,  there  is  a  weak  Jahn-Teller  effect  in  the  excited  state.  This  Exe  coupling  has  the  effect  of 
reducing  the  zero-point  energy  in  the  excited  E  state  compared  to  the  ground  state  (where  there  is  no  IT 
coupling).  With  no  JT  coupling  in  the  E  state  the  zero-point  energy  of  the  two  e-modes  is  h(0,  the  effective 
quantum  of  the  modes.  As  the  JT  coupling  increases  the  potential  surface  becomes  the  well-known 
Mexican  hat,  with  complete  rotational  freedom  in  the  e-mode  space  about  the  undistorted  configuration. 
The  zero-point  energy  is  quenched  to  zero  for  these  rotations,  leaving  only  1/2  hco  for  the  zero-point 
energy.  Consequently  isotope  substitution  changes  the  energy  of  the  zero-phonon  line,  and  the  effect  is 
estimated  for  the  N3  centre  at  ~  1  meV, 


The  sum  of  the  three  contributions  gives  an  expected  carbon  shift  of  ~4  meV,  close  to  the  measurement.  In 
contrast,  the  lack  of  nitrogen-induced  isotope  shift  is  surprising,  and  implies  that  qualitatively  the  optical  electron 
at  the  centre  is  remote  from  the  N  atoms.  This  conclusion  agrees  with  ENDOR  measurements  for  the  ground 
state,  but  still  has  to  be  reconciled  with  theoretical  studies  of  the  centre. 
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FORMATION  AND  RELAXATION  OF  HYDROGEN-RELATED 
DEFECTS  IN  THE  SUBSURFACE  REGION  OF  DIAMOND  FILMS 
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It  is  known  that  the  hydrogen  plasma  produces  a  p-type  high-conductive  layer  near  the  surface  of  diamond  films. 
Recently,  we  have  found  a  new  luminescence  peak  around  540  nm  from  the  subsurface  region  of  hydrogen- 
plasma-treated  homoepitaxial  diamond  films.  It  is  ambiguous  that  these  two  phenomena  originate  in  the  same 
defects  or  not.  In  order  to  clarify  this  relation,  we  performed  cathodoluminescence  (CL)  spectroscopy  and  the 
current-voltage  measurements  of  diamond  films  treated  in  various  hydrogenation  conditions. 

Diamond  films  were  deposited  on  synthetic  Ib  diamond  (001 )  substrates  using  a  plasma-enhanced  CVD  apparatus 
with  0.5  %  CH4  diluted  by  H2  gas.  These  films  were  oxidized  by  acid  solution,  followed  by  a  thermal  annealing 
at  400  °C  for  30  min  in  N2  atmosphere.  After  the  oxidation,  they  were  again  exposed  to  hydrogen  plasma  under 
various  conditions. 

A  specific  broad  peak  around  540  nm  is  observed  in  the  subsurface  region  of  diamond  films  treated  by  hydrogen 
plasma  at  800  °C.  Contrary  to  this,  it  is  not  observed  in  the  films  hydrogenated  at  500  °C.  However,  this  peak 
suddenly  appears  after  low-energy  (10  kV)  electron  beam  irradiation.  In  accordance  with  this  change,  the  electron 
beam  irradiation  leads  to  a  change  in  the  conductivity  of  the  films.  Namely,  the  conductivity  of  the  films 
hydrogenated  at  500  °C  increases  after  the  electron  beam  irradiation,  and  it  becomes  the  same  as  that  at  800  °C. 

The  accelerating  voltage  dependence  of  the  CL  spectra  indicates  that  the  hydrogen  related  luminescent  state 
exists  in  the  surface  region  and  its  density  decrease  drastically  with  increasing  the  depth  from  the  surface.  The 
depth  distribution  of  these  states  become  slightly  broader  with  increasing  hydrogenation  duration,  that  corresponds 
to  the  SIMS  depth  profile  of  the  films  treated  by  deuterium  plasma. 

These  results  indicate  that  (1)  the  hydrogen-related  luminescence  is  originated  in  the  defects  which  bring  the 
high-conductive  layer  and  (2)  a  metastable  configuration  exists  in  this  hydrogen-related  defects  and  a  relaxation 
into  a  stable  state  occurs  by  the  low-energy  electron  beam  irradiation. 

®  On  leave  from  Kobe  Steel  Ltd.,  Electronics  Research  Laboratory,  1-5-5,  Takatsukadai,  Nishi-ku,  Kobe  651-22, 
Japan. 
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Natural  and  high-temperature  high-pressure  (HPHT)  diamonds  are  studied  with  cathodoluminescence  at  low 
temperatures  and  high  spectral  resolution.  All  samples  unintentionally  contain  boron  which  is  optically  identified 
by  the  emergence  of  the  boron  bound  exciton  (BE)  recombination  radiation  in  the  spectra.  Spin  orbit  interaction 
of  the  holes  splits  the  BE  emission  into  a  doublet  (BE  5.215  eV  and  5.227  eV)  as  known  from  the  literature. 

No-phonon  transitions  of  the  BE  at  5.356  eV  and  5.367  eV  are  weakly  allowed  due  to  the  large  localization 
energy  of  55  meV  at  the  boron  acceptor.  In  our  samples,  they  are  strong  enough  to  study  them  in  detail  with  the 
benefit  of  drastically  reduced  linewidths  compared  to  the  phonon-assisted  recombination  radiation.  This  allows 
us  to  resolve  a  fourfold  finestructure  of  either  spin-orbit  BE^'’  component.  The  observed  finestructure  is  similar 
to  the  structure  in  acceptor  bound  exciton  emission  in  silicon.  There,  valley-orbit  interaction  of  bound  electrons 
induced  by  the  acceptor  binding  lifts  the  sixfold  degeneracy  of  the  conduction  band  minima. 

The  Lorentzian  lineshape  of  the  exciton  no-phonon  emission  lines  is  correlated  with  the  bound  exciton  lifetime 
and  we  estimate  a  value  of  <  4  ps  at  35  K.  The  temperature  dependence  of  these  transitions  is  also  discussed. 
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The  importance  of  diamond  as  a  semiconductor  material  is  receiving  much  interest.  Hydrogen  is  known  to 
passivate  active  dopants  in  the  diamond  lattice,  catalyse  the  growth  of  CVD  diamond  and  to  affect  many  of  the 
properties  of  diamond.  Positrons,  muons  and  protons  and  atoms  formed  from  these  positive  particles  have  been 
used  to  study  the  behaviour  of  implanted  hydrogen  in  diamond.  This  paper  reviews  the  results  of  these  studies. 
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Boron  is  known  to  be  responsible  for  the  p-type  semiconductivity  of  natural  type  lib  diamonds,  where  it  forms 
an  acceptor  level  at  0.37  eV.  In  the  laboratory,  attempts  at  producing  p-type  diamond  layers  by  boron  ion 
implantation  have  been  reported  by  several  authors.  However,  for  the  dopant  atom  to  be  electrically  active  it 
must  reside  on  a  regular  lattice  site,  usually  substitutional. 

Here,  we  report  on  the  determination  of  the  fraction  of  implanted  boron  atoms  that  take  up  defect-free  sites  in 
diamond.  A  particularly  effective  technique  for  such  a  study  is  P-NMR  in^which  spin-polarized  nuclear  probes, 
here:  are  implanted  at  extremely  low  concentrations,  typically  10^  cm  lattice  [1],  The 

polarization  is  detected  via  the  ^-radiation  emitted  during  the  deca^  of  B  to  C,  otherwise  the  technique^is 
comparable  to  conventional  nuclear  magnetic  resonance.  Polarized  B  was  produced  in  the  reaction  B(d,p)  B 
with  1.5  MeV  deuterons,  and  recoil  implanted  into  a  single  crystal  diamond  Ib  target.  Resonance  depolarzation 
spectra  were  measured  in  an  external  magnetic  field  of  1  kG  at  sample  temperatures  ranging  from  300  to  800  K. 
The  polarization  amplitude  was  relatively  small,  yielding  a  fraction  at  defect-free  tetrahedrally  symmetric  sites 
of  10(1)  %  at  300  K,  increasing  to  15(2)%  at  800  K.  The  spectra  also  showed  that  some  of  the  boron  probes 
occupy  low  symmetry  sites.  Temperature  dependent  measurements  of  the  polarization  amplitude  show  evidence 
of  an  annealing  stage  atT-650  K.  The  results  are  discussed  and  compared  to  the  implantation  behaviour  of  other 
dopants  in  diamond,  see  e.  g.  [2]. 

[1]  H.  Metzner,  G.  Sulzer,  W.  Seelinger,  B.  Ittermann,  H.-P.  Frank,  B.  Fischer,  K.-H.  Ergezinger,  R.  Dippel,  E. 

Diehl,  H.-J.  Stockmann,  and  H.  Ackermann  Phys.  Rev.  B  42,  11419  (1990). 

[2]  M.  Restle,  K.  Bharuth-Ram,  H.  Quintel,  C.  Ronning,  H.  Hofsass,  S.  G.  Jahn,  ISOLDE  Collaboration,  and  U. 

Wahl  Appl.  Phys.  Lett.  66,  2733  (1995). 
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Diamond  films  grown  by  Microwave  Plasma  Assisted  Chemical  Vapour  Deposition  (MPCVD)  present  a  complex 
structure  due  to  the  natural  formation  of  defects  during  the  growth  of  the  diamond  microcrystals.  In  the  film 
surface,  the  different  crystal  orientations  and  size  create  a  large  number  of  defects  arising  from  the  bulk  of  the 
crystal,  the  grain  boundaries  and  from  non-terminated  crystal  surfaces.  Many  of  these  defects  electrically  active 
are  localised  at  the  interfacial  layers  that  are  mainly  non-diamond  phases.  They  act  as  an  effective  way  of  carrier 
generation  and  transport,  competing  with  the  natural  states  of  the  defects  in  diamond  phases. 

Free  standing  diamond  films  about  5  (im  thickness  (determined  by  IR  measurements)  are  used  in  this  work. 
Atomic  Force  Microscopy  shows  a  very  uniform  surface  morphology  with  preferred  <11 1>  orientation  crystals 
with  an  average  size  about  1  pm.  The  surface  analysis  is  performed  by  a  micro-Raman  mapping  that  shows 
some  heterogeneities  along  the  surface,  with  varying  relative  intensities  of  the  diamond  Raman  line  at  1333  cm 
,  and  contributions  from  non  diamond  phases. 

Ohmic  contacts  with  gold  evaporated  in  both  surfaces  of  the  samples  are  used  to  study  the  electrical  behaviour 
with  applied  fields  up  to  10^  V  /  m.  in  the  temperature  range  from  10  K  to  room  temperature.  The  temperature 
dependence  of  the  current  in  the  low  temperature  range  (1  l-lOO  K)  give  an  activation  energy  of  0.09  eV,  much 
lower  than  the  observed  for  higher  temperatures.  This  contribution  increases  when  the  grain  size  decreases.  This 
behaviour  is  attributed  to  tunnelling  across  the  grain  boundaries,  and  related  with  the  non-diamond  phases 
revealed  by  the  Raman  spectra. 
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In  the  new  generation  of  particle  accelerators,  such  as  the  Large  Hadron  Collider,  the  detectors  will  have  to 
operate  after  very  high  doses  of  radiation.  The  conventional  silicon  detectors  will  have  to  be  modified  to  cope 
with  the  radiation  doses  expected  and  new  materials  such  as  diamond  are  being  considered  to  replace  them. 

While  the  particle  physicists  have  developed  very  sophisticated  computer  simulations  to  show  how  any  sort  of 
exotic  particle  penetrates  materials  and  to  simulate  the  detection  mechanisms,  they  do  not  include  any  treatment 
of  the  damage  caused  to  the  materials.  On  the  other  hand,  there  are  excellent  ion  implantation  models  which 
track  the  multiple  damage  caused  by  ions,  but  they  do  not  need  to  model  the  damage  due  to  other  particles. 

When  a  high  energy  particle  passes  through  a  solid  it  may  displace  an  atom,  transferring  much  of  its  momentum 
to  that  primary  knock-on  atom,  and  this  can  cause  a  cascade  which  constitutes  the  major  damage  to  the  material. 
We  have  used  the  particle  physicists’  simulations,  GRANT,  MICAP  and  FLUKA,  to  predict  the  damage  caused 
by  neutrons  at  energies  from  O.I  to  10  MeV,  and  then  used  the  ion  implantation  simulation  TRIM  to  find  the 
damage  caused  by  the  knock-on  atoms  produced  from  the  neutron  collisions  with  host  atoms.  Most  of  the 
experimental  data  is  from  neutrons  with  an  energy  profile  peaking  around  1  MeV,  so  the  results  are^ compared 
with  that  energy  range.  We  find  that  the  primary  damage  is  1 12±2  vacancies  per  1  MeV  neutron  cm  in  silicon 
and  68±7  vacancies  per  1  MeV  neutron  cm  Mn  diamond.  However,  most  of  these  vacancies  recombine  with  the 
displaced  interstitials  while  the  irradiation  takes  place,  so  the  observed  damage  is  only  a  very  small  proportion 
of  this  (figures  around2%  are  quoted  for  Si). 

The  damage  due  to  protons  and  a  particles  can  be  modelled  directly  by  TOIM,  as  these  particles  are  ions 
themselves.  The  total  damage  due  to  1  MeV  protons  is  7.3±.7  vacancies  cm  in  diamond  and  1 8.4±.4  vacancies 
cm  in  silicon,  and  for  a  particles  the  comparative  figures  are  51+5  and  135±3  respectively. 

Comparison  with  experimental  results  for  the  damage  due  to  proton  and  neutron  irradiation  in  silicon  and  electron 
irradiation  in  diamond,  allows  us  to  predict  how  much  of  the  damage  anneals  out,  that  is,  how  many  of  the 
displaced  atoms  recombine  with  the  vacancies  they  left  behind.  We  can  use  this  information,  with  the  TRIM 
predictions  of  collision  processes,  which  tell  us  the  energies  of  the  displaced  atoms  as  well  as  their  positions,  to 
determine  the  profiles  of  the  actual  damage  produced  by  high  energy  particles  as  a  function  of  depth  into  the 
material. 
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In  the  present  work  parameters  and  distribution  of  deep  centers  in  6H,  4H  and  15R  SiC  epitaxial  layers  and  pn 
junctions  made  by  sublimation  in  an  open  system,  container  free  liqued  phase  epitaxy  and  CVD  were 
investigated  Jn  case  of  pn  junctions  structures  with  undoped  base  and  with  base  doped  by  B  or  A1  were  used. 

Deep  levels  ionization  energies  and  holes  and  electrons  capture  cross  -  sections  were  determined  with  DLTS  and 
i-DLTS  technique.In  6H  SiC  were  identified  five  mane  types  of  deep  centers  and  several  analogs  of  it  in  other 
SiC  polytypes.  It  has  been  found  Deep  levels  which  connected  with  blue,  green  and  yellow  (  for  6H  SiC  ) 
electroluminescence  bands.  Also  it  were  founded  Deep  levels  which  could  govern  the  recombination  processes 
in  the  investigated  p-n  structures. 

Compensation  and  overcompensation  of  the  higly  pure  n-type  epilayers,  grown  by  different  technological  methods, 
by  deep  acceptor  centers  was  observed.  Possible  structure  of  the  observed  centers  was  diseased. 

This  work  was  supported  in  part  by  Arizona  University  (USA). 
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The  defect  structures  in  carbon  rich  a-SiC:H  films  deposited  on  various  substrates  using  ditertiary  butyl  silane 
(DTBS)  and  electron  cyclotron  resonance  chemical  vapour  deposition  were  investigated  as  a  function  of  thermal 
treatment. 

Isochronal  annealing  was  carried  out  in  steps  of  50  °C  from  200-650  °C  for  30  min  at  each  temperature.  After 
each  annealing  step  FTIR  and  UV-VIS  absorption  measurements  were  performed.  The  energy  gap  of  the  <3- 
SiC:H  films  was  deduced  from  the  transmittance  spectra  of  the  film  deposited  on  a  quartz  substrate  using  a 
Perkin-Elmer  UV-VIS  spectrometer  in  the  range  of  300-700  nm.  The  FTIR  spectra  were  recorded  at  room 
temperature  relative  to  an  uncoated  FZ-Si  substrate  and  the  Si-C,  Si-H  and  C-H  absorption  bands  were  analyzed. 
A  variable  energy  positron  beam  was  used  to  observe  changes  in  the  defect  structure  during  in-situ  annealing  by 
measuring  the  Doppler  broadening  of  the  annihilation  line.  For  the  gas  evolution  experiments  the  samples  were 
inserted  into  a  desorption  chamber  and  heated  to  800  °C  at  heating  rates  of  2  and  10  °C/min.  The  partial  pressures 
of  H,  H2,  CH,  CH2,  CH3,  and  other  species  were  monitored  by  a  quadrupole  mass  analyzer  and  were  used  as  a 
measure  of  the  evolution  rate. 

Films  grown  at  high  deposition  rates  were  found  to  contain  hydrogen  trapped  in  voids.  The  origin  of  these 
microvoids  was  identified  to  be  the  incorporation  of  CHj,  groups.  At  high  gas  flow  rates,  CHn  bonds  are  not 
sufficiently  broken  by  the  plasma  and  are  directly  incorporated  in  the  films.  The  effusion  of  CH^  groups  with 
increasing  annealing  temperature  promotes  void  growth.  At  annealing  temperatures  above  600  '"C,  Si-H  and  C- 
H  bonds  are  broken  and  the  films  become  more  interconnected  due  to  the  formation  of  additional  C-C  bonds.  As 
a  consequence,  the  void  structure  is  annealed  out  and  the  films  become  more  tensile. 
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The  most  important  shallow  donor  in  SiC  is  nitrogen  which  is  inadvetently  incorporated  by  the  Lely  growth. 
Although  nitrogen  donors  have  been  investigated  for  many  years  by  electron  paramagnetic  resonance  (EPR)  in 
several  polytypes  [e.g.  1-3],  open  questions  have  remained  with  respect  to  the  differences  in  hyperfine  (hf) 
interactions  observed  in  EPR  for  the  various  inequivalent  lattice  sites.  In  order  to  obtain  a  better  picture  of  the 
electronic  ground  state  nitrogen  donors  in  6H-,  4H-  and  3C-SiC  were  investigated  by  measuring  the  nitrogen 
hyperfine  (hf)  interactions  with  electron  nuclear  double  resonance  (ENDOR)  with  higher  precision  than  possible 
in  EPR.  It  was  shown  that  the  hexagonal  site  donor  in  6H-  and  4H-SiC  has  an  unexpectedly  small  isotropic  hf 
interaction  constant  and  a  significant  anisotropic  hf  interaction  constant.  An  explanation  of  the  small  isotropic  hf 
constant  (it  is  a  factor  of  14  smaller  than  that  of  the  quasi-cubic  sites)  had  been  attempted  by  considering  the 
Kohn-Luttinger  interference  factors  and  the  differences  in  the  stacking  order  along  the  c-axis  [4].  It  is  the  purpose 
of  the  present  work  to  extend  the  ENDOR  investigations  to  4H-SiC  and  3C-SiC  as  w^ll  as  to^i^vestigate  in  detail 
the  superhyperfine  (shf)  interactions  in  6H-SiC.  Shf  interactions  with  many  shells  of  '  C  and  Si  were  measured. 
The  hf  and  shf  interactions  are  discussed  in  the  framework  of  effective  mass  theory  and  the  role  of  the  chemical 
nature  as  well  as  of  the  valley-orbit  interaction  are  considered  when  taking  central  cell  corrections  into  account. 

It  is  also  shown  that  the  temperature  dependence  of  the  hf  splitting  of  the  EPR  spectra  can  be  understood  on  the 
basis  of  the  thermal  occupation  of  the  two  lowest  effective  mass  states  with  Aj  and  E  symmetry  split  by  the 
valley-orbit  interaction.  The  interpretation  of  the  temperature  dependence  of  the  nitrogen  hf  interactions  led  us 
to  propose  that  EPR  spectra  of  phosphorous  donors  observed  hitherto  in  neutron  transmuted  6H-SiC  [4,5]  and 
ascribed  to  substitutional  phosphorous  donors  [5]  as  well  as  to  phosphorous-vacancy  pair  defects  [4,5]  may  all 
be  due  to  substitutional  phosphorous  donors  on  the  two  quasi-cubic  and  hexagonal  Si  sites  occupying  a  ground 
state  with  E  symmetry  at  low  temperature  (<10K)  and  a  state  with  A]  symmetry  at  high  temperature  (>60K). 

[1]  H.H.  Woodbury  and  G.W.  Ludwig.  Phys.  Rev  124  1033  (1961) 

[2]  E.N.  Kalabukhova,  S.N.  Lukin,  B.D.  Shanina,  L.V.  Artamona,  E.N.  Mokhov,  Sov.  Phys.  Solid  State  32  482-6 
(1980) 

[3]  E.N.  Kalabukhova,  N.N.  Kabdin,  S.N.  Lukin,  Sov.  Phys.  Solid  State  29  1461-2  (1987) 

[4]  S.  Greulich-Weber,  M.  Feege,  J.-M,  Spaeth,  E.N.  Kalabukhova,  S.N.  Lukin  and  E.N.  Mokhov,  Solid  Sate 
Commun.  93  393  (1995) 

[5]  A.I,  Veinger,  A.G.  Zabrodskii,  G.A.  Lomakina  and  E.N.  Mokhov,  Sov.  Phys.  Solid  State  28  917  (1986) 
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Knowledge  about  the  state  and  motion  of  oxygen  as  well  as  its  reactions  in  the  bulk  and  on  the  surface  of  silicon 
carbide  are  required  to  design  appropriate  technological  steps  for  preparing  well  controlled  MOS  structures. 
Preliminary  results  of  an  attempt  to  acquire  general  knowledge  about  the  behavior  of  oxygen  in  various  polytypes 
by  means  of  theoretical  methods  are  presented.  Quasi- static  semi -empirical  quantum  chemical  and  ab  initio 
LDA  calculations  in  cyclic  and  molecular  cluster  models,  as  well  as  quantum  molecular  dynamics  calculations 
with  an  LDA  based  tight  binding  Hamiltonian  have  been  carried  out  on  cubic  SiC  to  study  the  possible 
substitutional  and  interstitial  configurations,  charge  state,  and  diffusion  mechanism  of  an  isolated  oxygen  atom. 
Similar  calculations  in  2H  and  4H  polytypes  are  in  progress. 
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The  development  of  electronic  devices  and  integrated  circuits  in  SiC  technology  has  to  take  into  account  the  low 
diffusion  coefficients  of  impurities  in  SiC.  This  forces  to  use  ion  implantation  for  selective  doping  of  the  active 
areas  in  the  devices.  In  this  context,  one  of  the  main  drawbacks  of  this  material  is  the  very  high  stability  of  the 
defects  induced  by  ion  implantation,  which  are  important  to  be  investigated.  On  the  other  hand,  among  the 
different  polytypes,  6H-SiC  is  interesting  for  electronic  applications  due  to  the  availability  of  single  crystal 
wafers  already  in  a  commercial  stage,  being  envisaged  in  the  next  future  a  strong  enhancement  of  crystalline 
quality  and  wafer  size 

This  work  reports  about  the  Raman  scattering  analysis  of  ion  implantation  processes  in  6H-SiC  as  a  function  of 
the  implant  species,  temperature  and  anneal  treatment.  So,  SiC  wafers  were  implanted  with  B  or  A1  ions  in  a 
multiple  implant  process  giving  a  200  nm  thick  buried  implanted  layer  with  a  concentration  of  5x10^^  cm’^  at 
different  temperatures  in  the  broad  range  between  room  temperature  and  lOOO^C.  Pieces  from  these  wafers  have 
been  flash  lamp  annealed  at  1700°C  during  20  milliseconds. 

The  measured  spectra  show  a  strong  dependence  of  the  intensity  of  the  main  Raman  modes  on  the  treatment 
parameters.  The  analysis  of  the  normalized  intensity  of  these  modes  allows  to  evaluate  the  level  of  damage 
induced  by  the  implantation  process,  as  well  as  its  recovery.  There  arise  three  defect  related  bands  in  the  spectra, 
located  at  about  177  cm  ,  270  cm  and  550  cm'  .  Having  similar  shape  for  different  implantation  species, 
these  bands  appear  in  the  same  spectral  region  as  the  Si-Si  related  vibrational  modes  from  amorphous  Si,  which 
suggests  a  similar  structural  origin.  On  the  other  hand,  the  comparison  between  the  different  samples  points  out 
the  higher  stability  of  the  defects  induced  by  the  A1  implant  and  corroborate  the  absence  of  a  complete  defect 
recovery  by  the  annealing  process.  These  data  are  correlated  with  those  previously  reported  from  different 
implanted  species  and  anneal  treatments  [1,2]. 

[1]  A.  Perez-Rodriguez,  Y.  Pacaud,  L.  Calvo-Barrio,  C.  Serre,  W.  Skorupa,  J.R.  Morante,  J.  Electron  Mater.  25, 

541  (1996). 

[2]  T.  Toda,  K.  Yagi,  K.  Koga,  K.  Yodoshi,  T.  Niina,  Ins.  Phys.  Conf.  Ser.  142, 545  (1996). 
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THEIR  ANNEALING  BEHAVIOUR 


T.  Fries snegg*  and  S.  Dannefaer** 

*Institut  fiir  Kemphysik,  Technische  Universitat  Graz,  A-80 1 0  Graz,  Austria 
**Department  of  Physics,  University  of  Winnipeg,  Winnipeg  MB,  Canada  R3B  2E9 
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In  this  contribution,  we  report  results  of  an  investigation  of  electron-irradiation  induced  defects  in  6H-SiC  using 
positron  lifetime  and  Doppler-broadening  spectroscopies.  The  experiments  were  performed  on  n-  and  p-ty|je 
single  crystalline  wafers,  purchased  from  CREE  Research,  spanning  carrier  concentration  Nq-Na  *=  5-40x10 
cm^  and  Na-Nd  =  1x10  ^  cm’^.  Some  of  the  samples  show  that  depending  on  doping  type  and  doping  level, 
defects  are  already  present  in  the  as  received  state.  These  defects  could  not  be  annealed  out  by  heat  treatments  as 
high  as  1400  °C. 

17  -2 

After  irradiation  with  2.5  or  10  MeV  electrons  at  room  temperature  within  a  dose  range  of  (0.6-  I2)x  10  cm 
two  defect  lifetimes  could  be  resolved  in  our  samples,  one  at  160  and  the  other  at  260-270  ps  [1].  The  160  ps 
lifetime  arises  from  neutral  carbon  vacancies,  which  are  introduced  at  much  higher  rates  than  the  positively 
charged  carbon  vacancy  in  electron-irradiated  n-type  3C-SiC  as  determined  by  EPR  measurements  [2]. 

The  irradiation  induced  defects  anneal  out  in  three  sharp  annealing  steps  at  about  100  °C,  700  °C  and  1300  °C. 
The  significant  reduction  of  carbon  vacancies  at  100  °C  suggests  that  annealing  of  defects  occurs  during  the 
irradiation  as  well  as  during  storage  at  room  temperature.  The  two  high-temperature  annealing  steps  suggest  that 
carbon  vacancies  have  formed  impurity  vacancy  complexes. 

Low  temperature  measurements  after  electron  irradiation  at  100  K  are  currently  in  progress  to  determine  the 
type  and  concentration  of  the  initial  created  defects  and  to  clarify  whether  annealing  and/or  clustering  of  these 
defects  takes  place  between  100  and  300  K. 

[1]  S.  Dannefaer,  D.  Craigen,  and  D.  Kerr,  Phys.  Rev.  B  51,  1928  (1995) 

[2]  H.  Itoh,  N.  Hayakawa,  I,  Nashiyama,  and  E.  Sakuma,  J.  Appl.  Phys.  66,  4529  (1989) 
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Results  are  presented  of  an  extended  study  on  the  lattice  defects  induced  in  Sil-xGex  epitaxial  devices  by 
irradiation  with  20-MeV  alpha  rays.  The  germanium  content  and  radiation  source  dependence  on  the  generation 
of  deep  levels  in  the  strained  SixGepx  epitaxial  layers  and  on  the  degradation  of  device  performance  are  also 
reported  taking  into  account  the  number  of  knock-on  atoms  (Nd)  and  the  nonionizing  energy  loss  (NIEL). 

Strained  layer  n'^-Si/p^-SixGepx  epitaxial  diodes  are  used  in  this  study.  The  germanium  content  of  the  strained 
SixGepx  epitaxial  layer  with  100  nm  nominal  thickness  x  =  0.08, 0.12  and  0.16.  The  boron  concentration  of 
the  strained  SixGei.x  epitaxial  layer  is  about  6x10  cm'  .  The  diodes  were  irradiated  by  20-MeV  alpha  rays  at 
room  temperature  in  the  AVF  cyclotron  in  TIARA  at  the  Takasaki  Radiation  Chemistry  Research  Establishment. 
The  fluence  of  alpha  rays  was  varied  between  10^  and  5  x  10^“^  1/cm  .  The  irradiation  was  performed  without 
applied  bias  to  diodes. 

The  deep  levels  induced  in  the  SixGe^x  epitaxial  layer  and  Si  substrate  of  the  devices  were  studied  using  deep 
level  transient  spectroscopy  (DLTS)  methods.  Thermal  anneals  of  the  irradiated  devices  were  performed  to 
investigate  the  recovery  of  the  lattice  defects  and  the  device  performance. 

The  damage  coefficient  of  electneal  performance  calculated  for  alpha  ray  irradiation  is  close  to  that  for  proton 
and  neutron  irradiation,  while  it  is  about  three  orders  of  magnitude  larger  than  as  for  electron  irradiation.  The 
degradation  increases  with  decreasing  germanium  content,  which  is  due  to  the  different  and  NIEL  originating 
from  the  difference  of  mass  and  possibility  of  nuclear  collision.  For  the  x  =  0.08  diodes,  only  hole  capture  levels 
(Ev  +  0.45  eV)  are  observed  for  fluences  below  1  x  10  ‘  1/cm  ,  while  b^th  electron  (Ec  -  0.50  eV)  and  Ihole 
ca?ture  (  Ev  -i-  0.44  eV)  levels  are  detected  for  a  fluence  of  5  x  10  l/cm  .  Most  probably  the  electron  capture 
levels  are  ass(xiated  with  an  interstitial  boron  complex  and  are  related  to  the  increase  of  reverse  current  and  the 
decrease  of  capacitance  in  the  SixGei_x  epitaxial  layer. 
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Surface  processing  and  in  particular  dry  or  plasma  etching  of  semiconductors  is  a  key  technology  for  device 
processing.  As  ion  assisted  etching  becomes  more  widely  and  routinely  applied  for  device  fabrication,  especially 
for  smaller  dimensions,  it  is  important  to  understand  the  damage  introduced  by  the  processing  itself.  Low  energy 
particle  bombardment  also  plays  an  important  role  in  controlling  the  growth  and  properties  of  MBE  grown  Si 
and  SiGe  layers.  We  have  used  deep-level  transient  spectroscopy  (DLTS)  in  an  investigation  of  the  electronic 
properties  of  defects  introduced  in  phosphorus  doped  n-type  Sij.xGCx  (x=0  to  0.25)  during  1  keV  argon  and 
0.75  keV  helium  ion-etching  and  those  introduced  by  0.75  keV  argon-ion  etching  of  boron  doped  p-type  Sij. 
xGex  (x  =  0  to  0.20).  The  defects  introduced  during  ion  etching  are  compared  to  those  detected  after  a-particle 
irradiation. 

12  -2 

1  keV  helium-ion  etching  (fluence  =1x10  cm  )  introduces  six  electron  defects  (EHel  -  EHe6)  in  n-type 
material,  prior  to  the  deposition  of  gold  Schottky  barrier  diodes  (SBDs).  The  defects  detected  after  etching  are 
compared  to  those  introduced  by  5.4  MeV  alpha-particle  (a-)  irradiation  and,  also,  RF  sputter-deposition  of  Au 
SBDs  on  material  from  the  same  wafer.  Four  of  the  electron  defects  (EHel ,  EHe2,  EHe4  and  EHe6)  are  detected 
in  Si.  The  remaining  two  defects  (EHe3  and  EHe5)  are  only  detected  in  material  containing  germanium.  It  was 
noted  that  defects  introduced  during  the  He-ion  etch  process  have  the  same  DLTS  “signatures”  as  defects  after 
the  sputter  deposition  process,  but  none  were  the  same  as  those  introduced  during  the  a-particle  irradiation. 

0.75  keV  Ar-ion  etching  and  5.4  MeV  a-particle  irradiation  introduced  the  same  prominent  defects  in  strained 
p-Si|.xGex.  The  activation  energies  of  the  defects  were  found  to  decrease  in  the  same  fashion  as  the  decrease  in 
bandgap  with  increasing  Ge  concentration,  suggesting  that  they  are^jnned  to  the  conduction  band.  We  have 
tentatively  identified  the  defects  to  be  structurally  similar  to  the  V2  and  a  trap  at  Ey  +  0.50  eV,  which  are 
observed  in  p-Si  after  Ar-ion  etching  and  a-particle  irradiation.  Due  to  the  low  concentrations  of  O  and  C  in  our 
samples,  hole  traps  corresponding  to  the  Cj  -  Oj  and  C\  -  Cg  (metastable)  defects  were  not  detected.  We  have 
also  used  DLTS  to  determine  the  depth  distribution  of  the  defects. 
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The  infrared  vibrational  mode  absorption  of  interstitial  oxygen  (Oj)  in  bulk  crystalline  Sij.^Ge^  has  been 
investigated  as  a  function  of  the  Ge  conten^  (x  =  0.03  to  0.07).  The  Czochralski-grown  crystals  contained 
oxygen  in  concentrations  of  (5-6)xl0  cm  as  determined  from  the  1 106  cm  room  temperature  absorption 
band. 

Spectra  at  5K  reveal  that  this  absorption  band  is  more  complex  than  in  Si  and  consists  of  several  components 
with  maxima  shifted  towards  lower  wavenumbers  with  respect  to  the  well-known  1 136.4  cm'^  peak  for  x  =  0. 
With  increasing  x  the  lower  wavenumber  components  become  gradually  more  important.  Similar  results  have 
been  obtained  by  Yamada-Kaneta  et  al  for  smaller  x-values  which  may  be  regarded  as  complementary  to  the 
present  data.  The  different  components  are  attributed  to  oxygen  interstitials  perturbed  by  Ge  neighbours  at 
different  positions  with  respect  to  the  oxygen  (second  nearest  neighbours  and  higher).  Calculations  show  that 
the  relative  magnitude  of  the  components  as  a  function  of  x  cannot  be  explained  by  a  “chemically  ordered” 
distribution  of  Ge  atoms  as  assumed  in  ref.2.  A  fair  agreement  is  however  obtained  when  the  occurrence  of  the 
different  centres  is  calculated  using  a  cell  of  512  atoms  into  which  the  Ge  atoms  are  distributed  at  random.  This 
model  also  enables  the  incorporation  of  more  distant  neighbours  in  the  calculations  allowing  to  simulate  the 
position  of  the  least  shifted  components  which  are  unresolved. 

Raising  the  temperature  towards  50K  enables  the  observation  of  additional  transitions  starting  from  higher 
levels  of  the  ground  state  multiplet  (hot  transitions).  Decomposition  and  assignment  of  the  spectra  are  made 
using  experimental  and  calculated  results  obtained  at  5K. 

Other  experiments  concern  the  1206  cm'^  band  of  Oj  for  which  a  decrease  of  the  integrated  absorption  and  a 
shift  to  higher  wavenumbers  are  found  with  x  increasing,  in  perfect  continuation  of  the  data  of  ref.2. 

The  relevance  of  the  data  with  respect  to  theoretical  models  of  interstitial  oxygen  in  Si  is  discussed. 

'  Crystals  grown  by  Union  Miniere,  B.U.Gemnanium  and  special  metals,  Olen  (Belgium). 

^  H.  Yamada-Kaneta,  C.  Kaneta  and  T.  Ogawa,  Phys.  Rev.  B  47, 9338  (1993). 


Programme  and  abstracts  book  •  247 


POSTER  2  -  27 


ROLE  OF  NON-RADIATIVE  DEFECTS  IN  THERMAL  QUENCHING  OF 
LUMINESCENCE  IN  SIGE/SI  STRUCTURES  GROWN  BY 
MOLECULAR  BEAM  EPITAXY 


LA.  Buyanova,  W.M.  Chen,  G.  Pozina,  B.  Monemar,  W.X.  Ni  and  G.V.  Hansson 

Department  of  Physics  and  Measurement  Technology,  Linkdping  University,  S-581  83 

Linkdping,  SWEDEN 

Key  Words:  non-radiative  defects,  SiGe,  Si,  MBE,  luminescence,  ODMR,  thermal  quenching 

Recent  rapid  advances  in  modem  epitaxial  growth  techniques  have  enabled  the  fabrication  of  high  quality  Si 
epilayers  and  Si-based  low-dimensional  artificial  structures,  and  have  awaken  the  long-sought  desire  for  efficient 
Si-based  light  detectors  and  emitters,  aiming  at  a  monolithic  integration  of  both  optical  and  electronic  devices 
based  on  the  mature  Si  technology.  To  overcome  the  inherent  low  radiative  efficiency  of  this  indirect  bandgap 
material  system,  both  bandgap  and  doping  engineering  have  been  attempted.  On  the  contrary,  another  important 
issue,  i.e.  important  grown-in  defects  such  as  carrier  lifetime  limiting  defects,  has  hardly  been  addressed  so  far 
in  these  systems.  These  lifetime  limiting  defects  are  known  to  be  predominantly  nonradiative  in  Si  and  SiGe, 
and  have  largely  eluded  from  studies  by  various  optical  spectroscopies.  They  may  undermine  the  progress  of 
bandgap  and  doping  engineering  and  will  play  a  key  role  in  determining  the  success  of  Si-based  layered  structures 
in  potential  applications  in  minority-carrier  devices,  in  particular  opto-electronic  devices. 

Most  recently  we  have  revealed  [1],  by  the  optical  detection  of  magnetic  resonance  (ODMR)  technique,  several 
efficient  grown-in  non-radiative  centers  in  undoped  and  B-doped  Si  epilayers  and  SiGe/Si  heterostructures 
grown  by  molecular  beam  epitaxy  (MBE).  A  dominant  defect  is  proven  to  be  the  vacancy-oxygen  (V-0)  complex 
in  Si.  Experimental  evidence  on  the  formation  mechanisms  of  these  non-radiative  defects  has  been  provided  as 
being  due  to  a  low  surface  adatom  mobility  and  a  lower  desorption  rate  of  O  contamination  from  the  growing 
surface  during  low  temperature  growth,  and  also  due  to  ion  bombardment  as  occurs  e.g.  during  potential  enhanced 
doping.  In  this  work,  we  provide  direct  evidence  that  these  non-radiative  defects  are  largely  responsible  for  a 
rapid  thermal  quenching  of  luminescence  from  SiGe  quantum  wells  (QWs),  impairing  practical  applications  of 
these  structures  at  room  temperature.  We  show  that  the  dominant  mechanism  responsible  for  a  strong  thermal 
quenching  of  SiGe  QWs  grown  at  low  temperatures  (<  500°C)  is  due  to  a  thermally  activated,  efficient  non- 
radiative  recombination  channel,  with  a  rather  low  activation  energy  of  about  5  meV.  This  leads  to  a  complete 
quenching  of  luminescence  at  a  temperature  as  low  as  30  °K.  A  post-growth  hydrogen  treatment  is  demonstrated 
to  be  only  moderately  effective  in  passivating  the  non-radiative  defects  and  in  reducing  thermal  quenching. 
Post-growth  thermal  annealing  at  high  temperature  (e.g.  >  500  °C)  is,  on  the  other  hand,  shown  to  be  highly 
effective  and  leads  to  a  nearly  complete  removal  of  the  non-radiative  defects  monitored  in  the  ODMR  experiments. 
By  removing  these  non-radiative  defects  and  thus  the  shunt  pass  for  carrier  recombination,  a  significant 
improvement  in  thermal  quenching  behavior  of  luminescence  from  the  SiGe/Si  structures  has  been  achieved. 
The  thermal  quenching,  in  this  case,  is  dominated  by  the  intrinsic  thermal  activation  of  the  holes  from  the  QWs 
with  an  activation  energy  of  about  80  meV  when  the  Ge  composition  is  around  20  %.  These  results  correlate 
very  well  with  effects  of  hydrogenation  and  thermal  annealing  of  the  non-radiative  defects  monitored  in  the 
ODMR  experiments.  Selective  optical  excitation  above  and  below  the  bandgap  of  the  Si  barriers  has  been  used 
to  determine  relative  contributions  of  nonradiative  recombination  channels  present  in  the  SiGe  QWs  and  the  Si 
barriers. 

[  1  ]  W.M.  Chen  et  a!,  Phys.  Rev.  Lett.  77, 42 14  ( 1 996). 
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Adding  substitutionnal  carbon  in  SiGe  alloy  provides  an  additionnal  parameter  in  strains  manipulation  and 
allows  an  increase  of  the  critical  thickness.  However,  the  main  electronic  property  features  of  this  new  temaiy 
alloy  are  still  unknown  and  in  particulary  the  value  of  the  band  offsets  in  the  SiGeC/Si  system.  So,  we  propose 
to  use  electrical  measurments  to  evaluate  this  parameter  which  is  fundamental  for  devices  modeling. 

We  have  studied  Schottky  diodes  tungsten  (W)  to  p-type  Si,  ^.yGexCy/Si  prepared  by  Rapid  Thermal  Chemical 
Vapor  Deposition  (RTCVD)  with  a  Ge  composition  of  10%  and  C  content  varied  from  0  to  0.74%.  We  have 
characterized  them  by  Deep  Level  Transient  Spectroscopy  (DLTS)  technique.  We  observed  a  deep  level  whose 
density  decreases  with  C  concentration  (5.37E1 4  cm  for  0%  and  1 .42E1 3  cm"  for  0.74%)  while  its  activation 
energy  increases  with  C  concentration  ( 0.44  eV  for  0%  and  0.5 1  eV  for  0.74%)  .This  result  shows  that  this  level 
is  probably  due  to  the  relaxations  in  the  alloy. 

Supposing  that  this  level  has  a  fixed  binding  energy  referred  to  the  vacuum  state  or  to  an  internal  energy  level  in 
SiGe  and  SiGeC,  this  study  points  out  the  possibility  to  use  such  a  DLTS  results  to  measure  valence  and  conduction 
Band  offset  in  SiGeC/Si  system. 
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Positron  lifetime  measurement  has  been  performed  using  Czochralski-grown  SixGei^x  bulk  crystals  (x=0-0.82) 
before  and  after  the  3  MeV  electron  irradiation  at  room  temperature.  From  the  measurements  before  the  irradiation, 
the  positron  lifetime  in  the  bulk  state  (bulk  lifetime)  was  determined.  It  was  found  that  the  bulk  lifetime  varied 
from  those  for  Ge  (235  ps)  to  Si  (222  ps)  with  increasing  x.  The  dependence  of  the  bulk  lifetime  on  x  seems  to 
be  discontinuous  at  around  x=0.20.  This  behavior  is  analogous  with  the  abrupt  change  in  the  indirect  band  gap 
of  SixGepx  crystal  due  to  the  switch  of  conduction  band  minima  from  Ge-like  L-points  to  Si-like  X-points.  The 
discontinuous  change  in  the  positron  lifetime  at  x=0.20  reflects  the  discontinuous  change  in  the  overlap  integral 
of  wavefunctions  of  positron  and  electron.  Probably,  the  response  of  electrons  to  positrons  is  different  in  Ge-like 
(x<0,20)  and  Si-like  (x>0.20)  regions  due  to  the  different  band  structure  in  each  region. 

After  the  irradiation,  the  second  lifetime  component  due  to  vacancy-type  defects  were  detected  for  x>0.20,  but 
not  for  x<0.20.  The  lifetime  of  the  second  component  was  330  ps  for  0.20<x<0.42  and  decreased  to  280  ps  for 
x>0.63.  These  results  show  that  (i)  the  concentration  of  vacancies  is  under  the  detection  limit  for  x<0.20,  (ii) 
vacancy  clusters  such  as  tri-  and  quadri- vacancies  are  formed  for  0.20<x<0.42  and  (iii)  small  vacancies  such  as 
mono-and  di-vacancies  are  generated  for  x>0.63.  Mono-  and  divacancies  in  Ge  are  known  to  be  unstable  at 
room  temperature.  Monovacancies  in  Si  are  also  unstable  at  room  temperature  but  survive  as  complexes  with 
impurities.  Divacancies  in  Si  are  known  to  be  stable  at  room  temperature.  The  above  results  reflect  the  fact  that 
the  thermal  stability  of  vacancies  changes  from  Ge-like  one  to  Si-like  one  with  x.  It  is  interesting  to  note  that 
vacancies  start  to  survive  at  around  x=0.20  (i.e.,  the  thermal  stability  of  vacancies  abruptly  changes  at  around 
x=0.20)  where  the  conduction  band  minima  switch  from  Ge-like  L-points  to  Si-like  X-points.  The  properties  of 
vacancies  in  SixGepx  crystal  may  correlate  with  the  band  gap. 
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ACCUMULATION  OF  CARRIERS  IN  A  SHALLOW  DONOR  EXCITED 

STATE  OF  GaP:Te 


S  D  Ganichev  I N  Yassievich  **,  W  Raab  E  Zepezauer  and  W  Prettl  * 

*  Institut  fur  Experimentelle  und  Angewandte  Physik,  UniversitatRegensburg,  93040 
Regensburg,  GERMANY 

**  A  F  Ioffe  Physicotechnical  Institute,  Russian  Academy  of  theSciences,  St.  Petersburg, 

194021,  RUSSIA 


Key  Words:  shallow  donors,  phonon  assisted  tunneling,  recombination  kinetics 

Tellurium  shallow  donors  in  Gallium  Phosphide  have  been  ionized  by  means  of  phonon  assisted  tunneling  in  the 
electric  field  of  pulsed  far-infrared  laser  radiation  [1].  In  response  to  the  laser  pulse  a  photoconductive  signal  has 
been  detected  with  a  fast  component  reproducing  the  laser  pulse  and  a  slow  component  which  rises  after  the 
irradiation  has  ceased  and  finally  exponentially  decays  with  a  strongly  temperature  dependent  time  constant  in 
the  range  of  microseconds  to  several  milliseconds. 

This  peculiar  temporal  structure  of  the  signal  is  explained  by  a  nanosecond  timescale  cascade  capture  mechanism 
in  highly  excited  Coulomb  states  and  subsequent  accumulation  of  carriers  in  an  excited  state  with  vanishingly 
small  direct  recombination  probability  to  the  ground  state,  identified  as  the  valley-orbit  split  ls(E)-level  of 
Tellurium. 

Recombination  from  there  is  finally  achieved  by  micro-  to  millisecond  timescale  thermal  excitation  into  somewhat 
higher  lying  s-  and  p-states  and  subseqent  radiative  transitions  into  the  ground  state,  which  is  proved  by  the 
observation  of  mid-infrared  luminescence.  The  whole  effect  yields  a  possible  application  as  infrared  semiconductor 
impurity  laser. 

[1]  S  D  Ganichev,  I  N  Yassievich,  W  Prettl;  Semicond.  ScL  TechnoL  11,  679  (1996) 
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Indium  phosphide  is  of  increasing  interest  for  electronic  and  opto-electronic  devices,  and  information  is  therefore 
needed  on  the  properties  and  natures  of  lattice  defects  that  may  be  produced  in  this  semiconductor  during  crystal 
growth,  ion-implantation  processing  etc.  The  defects  present  in  the  device  material  result  from  all  the  defect 
reactions  that  take  place  during  the  growth  and  processing,  including  those  that  can  occur  at  room  temperature 
itself.  Irradiation  of  semiconductors  at  low  temperature,  as  in  the  present  work,  is  a  controllable  means  of 
introducing  and  studying  defects  that  are  unstable  at  room  temperature. 

In  this  investigation  we  have  introduced  defects  into  n-InP  by  irradiation  at  85K  using  1 .0  MeV  protons.  It  is 
expected  that  in  such  irradiation  most  of  the  radiation-damage  collisions  produce  rather  simple  lattice  defects. 
For  study  of  the  electronic  properties  of  the  defects,  we  have  used  in-situ  capacitance-voltage-temperature 
measurements  and  majority-carrier  deep  level  transient  spectroscopy,  in  association  with  post- irradiation  heat 
treatments  to  determine  the  thermal  stabilities  and  thermal  annealing  properties  of  the  defects. 

We  find  that  the  irradiation  of  the  n-InPat  85K  creates  a  DLTS  peak  near  1 20K  that  is  removed  by  heat  treatment 
to  room  temperature.  By  standard  DLTS  procedures  we  measure  the  thermal  ionisation  energy  and  electron- 
capture  cross-section  of  the  defect  concerned  as  0.20  eV  and  2x10-15  cm2  respectively.  Our  isochronal  heating 
experiments  between  85K  and  300K  show  that  the  defect  is  removed  in  a  sharp  annealing  stage  centred  near 
170K  for  30-minute  heatings,  and  that  the  annealing  is  consistent  with  first-order  reaction  kinetics  of  thermal 
activation  energy  0.5  eV  and  pre-factor  approximately  1x1011  s-1.  This  pre-factor  value  indicates  that  the  defect 
annealing  involves  a  rather  small  number  of  defect  jumps,  and  therefore  strongly  suggests  that  the  annealing 
stage  near  170K  is  due  to  interstitial-vacancy  combination  within  a  Frenkel-pair  defect  of  either  indium  or 
phosphorus.  It  seems  very  likely  that  this  annealing  process  is  the  same  as  the  one  that  occurs  over  the  temperature 
range  150-200K  in  strongly  n-type  InP  after  high-dose  irradiation  by  2.0  MeV  electrons  at  20K,  as  observed  in 
positron-annihilation  experiments  by  Tomqvist  et  al.  1994  (ICDS-17:  Materials  Science  Forum  143-147  347) 
and  suggested  by  them  to  be  associated  with  the  annealing  of  indium  vacancies.  In  such  case,  we  deduce  that  the 
Tomqvist  et  al.  defect  has  an  electronic  level  in  the  upper  half  of  the  InP  band  gap  and  that  its  electron  ionisation 
energy  is  0.20eV. 
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Deep  level  defects  induced  by  alpha  radiation  in  p-type  InP  crystals,  grown  by  low  pressure  metalorganic  chemical 
vapour  deposition  (LP-MOCVD)  have  been  studied  by  deep-level  transient  spectroscopy  (DLTS).  Two  prominent 
hole-emitting  levels  with  thermal  activation  energies  0.34  eV  and  0.39  eV  to  the  valence  band  and  three  electron- 
emitting  levels  with  activation  energies  0.22  eV,  0.29  eV  and  0.37  eV  in  the  upper  half-gap  have  been  detected 
immediately  after  irradiation  by  5.48  MeV  alpha  particles.  These  have  been  identified  with  the  H3,  H4  and  Ec, 
Ea  and  Ed  defects,  respectively,  hitherto  observed  as  a  result  of  electron  and/or  gamma  irradiation.  Another 
prominent  hole  level  H5  at  Ev+0.58  eV  emerges  as  a  result  of  minority  carrier  injection,  following  irradiation. 
Although  both  H4  and  H5  are  found  to  have  temperature  dependent  capture  cross-sections  but  the  capture 
barrier  for  H5  is  found  to  be  significantly  different  than  that  reported  in  these  earlier  irradiation  studies.  Interesting 
transformations  of  the  majority  carrier  deep  levels  are  observed  both  with  minority  carrier  injection  and  room 
temperature  annealing.  Our  measurements  provide  new  information  on  the  changes  observed  in  the  deep  level 
spectra  as  a  result  of  minority  carrier  injection.  In  particular,  no  evidence  is  found  for  the  recently  proposed 
inter-conversion  of  the  H5  and  Ea  defect. 
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Semi-insulating  layers  in  InP  crystals  can  be  obtained  by  implanting  Fe.  This  paper  reports  on  the  study  of  the 
relationship  between  the  anomalous  diffusion  of  Fe  implanted  in  undoped  InP  substrates  and  the  dislocation 
loops  left  after  annealing.  To  his  aim,  two  types  of  samples  were  examined :  1)  InP  crystals  with  a  rrom  temperature 
single  implant  of  2  MeV  Fe  implantation  at  a  dose  of  5. 1 0  '  ^  cm’  ^  at  200^C,  followed  by  an  implantation  of  P  at 
5  MeV  a  fluence  of  2.10  '  cm'  ^  at  room  temperature.  Annealing  was  performed  at  650  and  750-C  for  1 .5  hr. 
The  dopant  and  defects  distributions  were  measured  by  SIMS  and  TEM,  respectively. 

The  as-implanted  samples  of  type  1)  were  amorphous.  After  annealing  the  amorphous  layer  was  replaced  by  a 
band  of  twins  and  a  band  of  end  of  range  (EOR)  extrinsic  loops,  mostly  of  the  Frank  type,  located  at  the  former 
a/c  interface.  Loop  coarsening  was  observed  by  increasing  the  annealing  temperature.  SIMS  spectra  of  the 
annealed  samples  showed  an  anomalous  distribution  of  Fe,  evidenced  by  the  presence  of  two  very  close  peaks  of 
Fe  accumulation  at  two  positions  that  correspond  to  the  depths  of  the  EOR  loops  and  of  the  bottom  edge  of  the 
twin  band.  This  indicates  that  the  anomalous  diffusion  of  Fe  is  determined  by  Fe  gettering  at  such  defects. 

In  samples  of  type  2),  no  damage  was  introduced  by  Fe  implanted  at  200-C,  whereas  P  implantation  produced  a 
buried  amorphous  layer.  Upon  annealing  two  bands  of  loops  formed,  i.e.  a  band  of  EOR  loops  at  the  bottom  a/ 
c  interface  of  the  burried  layer  and  a  band  of  loops  at  the  depth  where  the  two  interfaces  of  the  hurried  layer  have 
met.  These  two  bands  lay  far  beyond  the  Ferich  region,  namely  at  a  depth  of '-2.5  Rp  and  -'2Rp,  respectively,  Rp 
being  the  projected  range  of  Fe  implanted  at  2  MeV.  Even  now  an  anomalous  Fe  diffusion  occurred  by  annealing, 
as  two  Fe  accumulation  peaks  were  detected  at  positions  corresponding  to  the  two  bands  of  loops  confirming 
that  Fe  distribution  is  strongly  affected  by  trapping  of  Fe  at  the  dislocation  loops,  generated  by  the  condensation 
of  self-interstitials  of  the  host  matrix,  rather  than  by  formation  of  Fe  precipitates.  Fe  gettering  veiy  likely  took 
place  at  the  partial  dislocations  bounding  the  loop.  The  correlation  between  the  efficiency  of  Fe  trapping  by  the 
EOR  loops  and  the  dynamics  of  loop  caorsening  has  also  been  stidied. 
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Semi-insulating  InP  is  used  as  a  substrate  for  optoelectronic  applications.  Major  requirements  for  these  substrates 
are  uniformity  and  low  defect  concentration.  In  order  to  get  high  resistivity  doping  with  iron  is  required.  The 
inhomogeneous  distribution  of  iron  produces  fluctuations  in  the  electrical  and  optical  properties,  which  reduces 
the  useful  wafer  surface. 

The  non  uniformity  of  the  electrical  and  optical  properties  in  these  wafers  appears  at  both  long  and  short  range, 
since  i-  is  influenced  by  the  dopant  segregation  and  the  presence  of  crystallographic  defects  (dislocations, 
microprecipitates,  twins...).  The  study  of  the  origin  of  these  inhomogeneities  is  of  great  value  in  ofder  to  understand 
their  formation  mechanisms  and  the  procedures  to  remove  them.  Therefore,  experimental  techniques  that  provide 
meaningful  assessment  of  the  inhomogeneities  related  to  electrically  active  iron  in  Fe-doped  InP  wafers  have  a 
great  interest  for  the  improvement  of  the  growth  conditions  and  the  treatments  to  be  applied  to  the  samples. 

We  present  herein  results  concerning  scanning  photocurrent  and  scanning  photoluminescence  in  semi-insulating 
Fe-doped  InP  wafers.  Both,  the  photocurrent  and  the  photoluminescence  signals  are  related  to  the^resence^of 
electrically  active  iron,  the  photocurrent  fluctuations  are  governed  by  the  fluctuations  in  the  [Fe  ]  /  [Fe  ] 
concentration  ratio,  while  the  photoluminescence  efficiency  is  strongly  limited  by  the  electrically  active  iron 
concentration,  which  is  a  non  radiative  recombination  center,  limiting  the  minoj^ty  carrier  lifetime.  A  correlation 
between  both  techniques  should  allow  to  understand  the  origin  of  the  [Fe  /  [Fe  fluctuations.  Several  examples 
are  presented  for  illustrating  the  main  issues  regarding  electrically  active  iron  distribution  in  Fe-doped  InP. 
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Semi-insulating  InP  is  a  basic  material  used  in  the  fabrication  of  optoelectronic  devices.  The  standard  method  to 
obtain  high  resistivities  is  doping  with  iron  which  acts  as  a  deep  acceptor  and  compensates  the  residual  shallow 
donors.  However,  iron  also  introduces  many  problems  which  are  not  completely  understood.  For  example,  the 
charge  compensation  mechanism  of  iron  has  not  yet  been  well  explained:  the  total  concentration  of  Fe  atoms 
necessary  to  get  an  effective  compensation  and  render  the  material  semi-insulating  has  to  be  much  higher  than 
the  concentration  of  the  residual  shallow  donors.  It  is  believed  that  the  excess  of  iron  atoms  is  forming  part  of 
microprecipitates  (1). 

Irradiation  with  thermal  neutrons  may  be  used  for  doping  purposes  in  semiconductors.  In  InP  a  precise 
concentration  of  tin  atoms  are  introduced  from  the  transmutation  of  In.  This  doping  method  also  introduces 
other  defects,  mainly  indium  vacancies  (Vi^),  in  amounts  that  increase  with  the  neutron  fluence  (2). 

The  aim  of  this  work  is  to  investigate  the  effect  of  the  iron  when  an  increasing  amount  of  defects  is  introduced 
in  the  InP  matrix  by  thermal  neutron  irradiation.  Information  on  the  interaction  between  Fe  and  irradiation- 
related  defects  is  derived  from  positron  lifetime  measurements.  For  this  purpose,  several  samples  of  semi- 
insulating  InP  (Fe  doped)  obtained  from  the  same  ingot  were  irradiated  with  ^hermal  neutrons  at  different  lluences, 
yielding  concentrations  for  the  tin-transmuted  atoms  between  4x10  ^  and  10  ^  cm'"^.  Before  irradiation  the  positron 
lifetime  spectra  are  fitted  with  an  unique  value  of  247  ps.  After  neutron  irradiation,  it  has  been  identified  a  new 
lifetime  of  340  ps  which  nature  has  been  explained  in  terms  of  a  new  complex  defect  consisting  of  an  iron 
impurity  and  a  neutron-induced-indium  vacancy.  The  constant  value  obtained  for  the  intensity  of  this  lifetime 
component  indicates  that  the  ratio  between  the  concentration  of  the  two  components  ofthe  complex  (Fe:  In¬ 
vacancy)  remains  constant  which  probably  means  that  part  of  the  iron  comes  from  the  dissociation  of  precipitates 
caused  by  the  neutron  irradiation.  By  comparing  with  the  results  obtained  in  unintentionally  doped  InP,  it  is 
clearly  observed  that  iron  inhibits  the  positron  trapping  into  the  Vj^- related  defects.  The  temperature  dependence 
of  the  lifetime  parameters  has  also  been  investigated  in  the  range  between  14K  and  295K.  It  appears  to  confirm 
that  the  mentioned  positron  traps  are  neutral  with  a  complex  structure. 

(1)  R  Fomari,  E.  Gilioli,  M.Moriglioni,  M.  Thirumavalavan  and  A,  Zappettini  1996  J.Crystal  Growth  166  572. 

(2)  B.  Marj,  F.J.  Navarro,  M.A.  Hem  ndez  and  J.  Riera  1996  Nud.  Instr.  And  Meth.  B  120  240 
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Transition  metals  are  known  to  create  near-mid-gap  deep  levels  leading  to  electrical  compensation  of 
semiconductors  needed  for  producing  semi-insulating  material.  Iron  is  one  such  dopant  for  InP,  but  suffers  from 
the  serious  drawback  of  strong  thermal  instability  associated  with  its  high  diffusion  coefficient.  Osmium  has 
been  tried  for  this  purpose  as  part  of  our  extensive  programme  to  search  for  a  possible  alternative  dopant  from 
the  4d  and  5d  transition  metals.  Osmium  doping  has  been  carried  out  during  growth  of  InP  crystals  by  low 
pressure  metalorganic  chemical  vapour  deposition  (LP-MOCVD).  We  report  results  of  a  combined  electrical 
and  optical  DLTS  study  of  Os-doped  InP.  Two  prominent  deep  levels  in  the  lower  half-gap,  labelled  OsA  and 
OsB,  and  one  in  the  upper  half-gap  (OsC)  have  been  detected.  All  of  these  have  been  found  to  show  strongly 
field-dependent  emission  characteristics  and  activation  energies.  Detailed  comparison  of  reduced-reverse  bias, 
electrical  injection  and  optical  DLTS  spectra  yields  important  information  on  their  relative  capture  cross-sections 
for  the  majority  and  minority  carriers,  necessary  to  ascertain  their  role  in  determining  the  electrical  properties  of 
the  material. 

Preliminary  results  of  the  investigations  of  the  response  of  the  Os-related  deep-levels  in  p-InP  to  irradiation  with 
alpha  particles,  carried  out  to  probe  their  microscopic  structure,  are  also  reported.  The  minority  carrier  (electron) 
level  OsC  is  found  to  show  a  strong  enhancement  while  the  majority  carrier  levels  OsA  and  OsB  show  only  a 
slight  increase  with  irradiation.  The  strong  enhancement  of  OsC  indicates  that  this  defect  is  either  a  complex  of 
Os  with  the  radiation-induced  primary  defects  such  as  the  two  types  of  vacancies  and  interstitials  or  is  electrically 
activated  by  the  presence  of  these  defects. 
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Nowadays,  there  are  great  interests  in  the  optical  and  electronical  properties  of  strained  compounds  grown  on 
InP  substrates.  Depending  on  the  crystallographic  orientation,  effects  such  as  high  electronic  properties  or  Quantum 
Confined  Stark  Effect  have  already  been  demonstrated.  In  the  past,  a  large  quantity  of  works  was  devoted  to  the 
study  of  the  dei‘ects  present  in  heteroepitaxial  mismatched  layers  of  InxGai.xAs  or  InxAlj.xAs  grown  on 
(100)  oriented  InP  substrates.  Those  studies  showed  that  depending  on  the  Indium  composition  and  technological 
parameters,  a  network  of  misfit  dislocations,  the  presence  of  islands  due  to  the  tridimensional  growth,  or 
composition  inhomogeneities  can  contribute  to  the  structure  relaxation.  Recently,  technological  ejforts  have 
been  devoted  to  the  obtention  of  strained  InAl  As/InGaAs  Quantum  Well  structures  grown  on  ( 1 1 1 )  oriented  InP 
substrates.  Nevertheless,  few  work  has  been  performed  in  order  to  understand  the  mechanisms  of  relaxation  in 
this  case.  In  this  study,  we  present  the  characterization  by  Atomic  Force  Microscopy  and  Transmission  Electron 
Microscopy  InGaAs/InAl  As  heterostructures  grown  by  Molecular  Beam  Epitaxy  on  ( 1 1 1  )B  1°  off  toward  [-211] 
oriented  InP  substrates.  The  AFM  observations  have  revealed  stepped  like  surface  morphology  that  is  analysed 
not  only  taking  into  account  the  misorientation  but  also  the  possible  influence  of  strain  induced  effects  already 
observed  on  the  ( 1 00)  substrates.  For  the  QW  structures  the  combination  of  both  techniques  allows  us  to  conclude 
that  the  most  part  of  the  observed  defects  are  developped  in  the  plane  of  growth  and  originate  from  both  interfaces 
delimiting  the  QW. 
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CLUSTERING  MECHANISM  OF  SELF  INTERSTITIALS  IN  Si 
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Self-interstitials  play  an  important  role  in  various  phenomena  in  Si  such  as  self-diffusion,  dopant  diffusion  and 
their  agglomeration.  Nevertheless,  an  isolated  self-interstitial  has  never  been  observed  by  any  experimental 
techniques  in  a  convincing  manner. 

We  proposed  a  fully  reconstructed  cluster  of  four  self-interstitials  (14)  in  Si,  whose  structure  is  in  common  with 
extended  defects  such  as  { 1 1 3  }  defects,  reconstructed  surfaces  and  dislocations  in  Si.  Our  electronic  computation 
has  already  shown  that  the  14  model  is  more  stable  than  four  isolated  interstitials;  2.2  eV  per  interstitial.  Also, 
neither  floating  bonds  nor  dangling  bonds  exist  in  the  cluster.  This  result  implies  that  self- interstitials  tend  to 
form  clusters. 

For  understanding  the  clustering  mechanism  of  self-interstitials,  we  have  performed  an  energy  calculation  using 
Still inger- Weber  potential  through  lattice-relaxation  procedure.  A  supercell  of  444  cubic  unit  cells  is  as  sumed  in 
which  we  insert  one  or  more  <100>  split  interstitials.  A  single  [100]  split  interstitial  generates  dilatation  in 
lattice  on  (100),  while  compression  appears  at  the  above  and  below  of  it  along  [100].  Therefore,  whenever  each 
interstitial  locates  in  the  dilatation  side  of  the  other  interstitial,  the  elastic  energy  may  be  reduced.  In  addition, 
rebonding  further  reduce  the  energy.  We  have  found  by  the  computation  that  the  energies  of  a  single  interstitial 
and  its  agglomerates  containing  two,  three  or  four  interstitials  are  5.3,  3.9,  3.0  and  2.2  eV  per  interstitial, 
respectively.  The  agglomeration  of  four  interstitials  forms  the  14  cluster  with  fully  rebonding.  Although  the  14 
cluster  is  four-coordinated,  a  defect  localized  state  (0.37  eV)  appears  inside  the  minimum  band  gap,  occupied  by 
two  electrons  in  the  ground  state.  Thus,  self-interstitials  in  the  cluster  forms  are  virtually  impossible  to  be 
detected  by  EPR,  TEM  and  other  standard  experimental  techniques. 
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FRENKEL  PAIRS  AND  IMPURITY-DEFECT  INTERACTIONS  IN  P- 
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There  is  a  lot  of  experimental  information  about  impurity-defect  interactions  in  Si.  As  a  matter  of  fact,  this 
information  has  been  extracted  from  radiation  experiments  mostly.  On  the  other  hand,  the  production  of  Frenkel 
pairs  (primary  defects),  a  key  process  in  such  experiments  on  Si,  cannot  be  observed  directly  by  any  technique 
available.  Because  of  this  our  knowledge  of  Frenkel  pairs,  their  properties  and  behaviour  is  scarce,  even  the 
threshold  energy  for  atomic  displacement  in  Si  is  a  matter  of  controversy.  From  a  practical  point  of  view.  Si 
containing  group-III  impurities  in  high  concentrations  is  a  suitable  object  for  radiation  experiments,  since  Frenkel 
pairs,  if  separated  during  irradiation,  can  give  rise  to  the  formation  of  secondary  defects  whose  properties  have 
been  studied  in  detail.  The  present  work  is  concerned  with  production  and  annealing  processes  of  defects  in 
heavily  doped  p-Si  following  electron  irradiation  at  T<5  K.  Commercial  ^zochralski-grgwn  Si  wafers  doped 
with  B  and  Ga  were  used.  The  dopant  concentration  is  running  from  7*10  cm’  to  3- 10  cm"  ,  thus  covering 
under  the  same  irradiation  conditions  an  impurity  range  from  moderately  doped  materials  to  degenerate  ones. 
Electron  irradiations  (2.5  MeV)  were  carried  out  using  beam  currents  ranging  from  1  |LiA/cm2  to  15  |j,A/cm2. 
Electrical  measurements  (Hall  effect  and  resistivity)  were  taken  following  irradiation  and  annealing.  Additionally, 
we  discuss  how  the  separation  of  Frenkel  pairs  can  be  affected  by  high  and  low  electronic  excitation  conditions 
during  gamma-irradiation  of  non-degenerate  p-Si.  Important  results  of  this  work  are  summarized  in  the  following: 

The  production  rate  of  Frenkel  pairs  in  degenerate  p-Si  (about  1cm  ^)  turned  out  to  be  independent  of  the  beam 
current  over  fhe^^ange^studied.  Our  Hall  effect  measurements  showed  that  this  rate  is  constant  even  at  high 
doses,  up  to  8- 1 0  cm  ,  when  the  irradiated  material  becomes  strongly  compensated.  Under  the  same  irradiation 
conditions,  the  fraction  of  Frenkel  pairs  giving  rise  to  the  formation  of  secondary j^oron-rel^^ed  dejects  is  decreased 
by  nearly  30  percent  with  decreasing  boron  concentration  from  3-10  cm  to  8*10  cm  ,  thus  reflecting 
partial  loss  of  intrinsic  defects  to  different  reaction  paths.  The  relationship  between  the  production  rates  of 
primary  and  secondary  defects  is  discussed.  Boron-related  defects  start  to  anneal  at  around  room  temperature,  as 
is  expected  for  interstitial  boron  atoms  and  boron-vacancy  complexes.  In  contrast,  Ga-related  defects  were 
found  to  be  more  stable  and  can  only  be  annealed  out  at  elevated  temperatures. 

For  non-degenerate  p-Si,  one  can  readily  realize  low  and  high  electronic  excitation  conditions  during  low- 
temperature  gamma-irradiation  making  use  of  Si:B,  Si:Ga,  and  Si:In  with  different  ionisation  energies.  In  this 
way  it  has  been  shown  that  under  high  excitation  conditions  the  production  rate  of  secondary  defects  is  greatly 
enhanced,  at  least  by  a  factor  of  five,  as  compared  to  low  excitation  conditions.  It  means  that  the  fraction  of 
Frenkel  pairs  reacting  with  group-III-dopants  during  irradiation  is  strongly  charge-state  dependent. 
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We  present  the  results  of  a  series  of  experiments,  performed  in  our  laboratory,  on  the  implantation  of  SIMEQl 
keV/amu  reactive  (H,  C,  N,  O)  and  unreactive  (He,  Ar)  ions  into  silicon.  In  particular  we  investigated  on  the 
possibility  of  producing  chemical  bonds  between  the  projectile  and  the  target  atoms  searching  for  the  appearance 
of  characteristic  IR  bands.  When  the  impinging  ions  are  reactive  (H,  C,  N,  O)  they  form  bonds  with  the  Si  atoms 
in  the  target  that  are  evidenced  by  IR  spectroscopy.  Implantation  with  argon  rules  out  the  possibility  that  the  new 
bands  are  due  to  a  damage  into  the  crystalline  structure  of  silicon. 
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A  comprehensive  study  of  electron  irradiated  Czochralski  Si  has  been  conducted  using  positron  lifetime  and 
Doppler  broadening  spectroscopies. 

Eight  samples,  ranging  from  heavily  doped  n-type  to  heavily  doped  p-type,  were  irradiated  simultaneously  at 
room  temperature  to  facilitate  quantitative  comparisons  between  the  samples.  The  influence  from  the  oxygen 
impurity  was  also  investigated  by  comparison  with  oxygen-free  Si.  It  is  noteworthy  that  positron  annihilation 
experiments  can  be  conducted  on  highly  conductive  materials  unlike  the  cases  of  infrared  and  electron 
paramagnetic  resonance. 

For  lightly  doped  materials  (dopant  concentration  less  than  5  x  10^  ^/cm^)  the  irradiation  damage  is  dominated 
by  free  and  negatively  charged  divacancies  for  the  dose  employed  in  this  work  (1.2  x  10  e  /cm  ).  For  the 
heavily  doped  materials  (dopant  concentrations  larger  than  5x10  /cm  )  vacancy-dopant  complexes  dominate, 
som^e  of  which  involve  divacancies,  and  in  these  samples  very  high  introduction  rates  of  the  vacancies  (up  to  2 
cm  )  could  be  estimated  for  n-type  materials. 

17  18  3 

In  5  X  10  P/cm  doped  samples  neutral  P-V2  complexes  dominate  while  in  the  case  of  5  x  10  P/cm  P  V 

complexes  are  found.  Isochronal  annealing  of  the  latter  sample  indicates  three  annealing  stages,  one  around 

70°C,  another  around  200°C  and  a  third  around  350°C.  In  5  x  lO^^B/cm^  d^ed  samples  no  vacancies  could  be 

detected,  likely  due  to  vacancies  being  positively  charged,  but  in  5  x  10  B/cm  doped  samples,  positively 

charged  defects  (B  V2)  could  be  detected  due  to  their  high  concentration. 

The  high  introduction  rates  observed  in  both  n+  and  p+  samples  suggest  a  significant  reduction  in  vacancy 
interstitial  recombination  during  the  irradiation.  Association  of  divacancies  with  P,  Sb  and  B  dopants  was  found 
to  modify  significantly  the  Doppler  S  parameter  relative  to  the  value  for  free  divacancies. 
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APPLICATION  OF  SPIN  DEPENDENT  RECOMBINATION  FOR 
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New  methods  of  detection  the  electron  paramagnetic  resonance  (EPR)  spectra  of  point  defects  in  silicon  crystals 
based  on  the  effects  of  spin  dependent  recombination  (SDR)  and  resonance  change  of  the  microwave 
photoconductivity  of  samples  were  developed.  Being  four  orders  of  magnitude  more  sensitive  than  traditional 
EPR  technique  these  methods  allow  to  detect  EPR  spectra  of  the  paramagnetic  recombination  centers  and  spectra 
of  their  excited  spin  1  states  when  the  concentration  of  defects  is  low  and  not  enough  for  detection  by  usual  EPR. 

We  report  the  results  of  the  investigation  the  radiation  defects  in  low  dose  irradiated  silicon  crystals  and  in 
crystals  irradiated  by  1  MeV  electrons  at  high  temperatures  of  150  -  450  C, 

The  main  attention  is  given  to  study  the  SDR-EPR  spectra  of  the  excited  triplet  state  of  carbon  related  centers  in 
pure  float-zone  silicon  crystals.  The  detection  of  SDR-EPR  spectra  was  performed  in  the  wide  temperature 
range  of  3.8  -  80  K.  The  change  of  symmetry  of  SDR-EPR  spectra  of  the  excited  states  due  to  the  temperature 
activated  motion  of  the  carbon-interstitial  -  carbon-substitution  complex  was  investigated. 

Several  new  SDR-EPR  spectra  and  spectra  attributed  to  the  excited  spin  1  states  of  divacancy  and  complex 
phosphorus+ vacancy  were  investigated  in  the  wide  temperature  range.  It  was  found  that  different  SDR-EPR 
spectra  are  observed  at  different  temperature  range.  These  results  show  that  the  contribution  of  the  defects  of 
different  types  to  the  processes  of  spin  dependent  recombination  depends  on  the  temperature. 

New  SDR-EPR  spectra  were  found  also  in  silicon  crystals  irradiated  by  1  MeV  electrons  at  high  temperatures. 
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Low  energy  noble  gas  ions  are  routinely  used  during  dry  etching,  such  as  ion  beam  etching  (IBE)  and  reactive 
ion  etching  (RIE),  of  semiconductors  to  achieve  anisotropic  etches.  During  these  processes,  energetic  ions  impinge 
the  substrate  creating  damage  to  its  sub-surface  region.  This  damage  alters  the  electrical  and  optical  properties 
of  the  semiconductor  and  hence  the  characteristics  of  the  devices  fabricated  thereon.  Defect  engineering,  which 
requires  that  defects  are  introduced  in  a  reproducible  and  controlled  fashion,  has  been  successfully  used  to 
modify  the  lifetime  of  minority  carriers  and  tailor  the  barrier  heights  of  Schottky  barrier  diodes  (SBDs).  However, 
the  physical  nature  of  the  defects  and  their  introduction  rates  have  to  be  known,  together  with  their  electronic 
properties  and  concentrations. 

We  have  used  deep  level  transient  spectroscopy  (DLTS)  to  determine  the  electronic  properties,  as  well  as  the 
spatial  distribution  of  the  defects  introduced  in  n-Si  during  I  keV  ion  bombardment  using  He,  Ne,  Ar,  Kr  and  Xe 
ions.  To  learn  more  about  the  nature  of  these  defects,  we  have  compared  their  electronic  properties  to  those  of 
the  primary  defects  induced  during  MeV  alpha-particle  and  electron  irradiation  (™st  of  which  have  been 
structurally  identified).  Amongst  other  defects  the  Cj-Cs,  VO-  and  VP-centres,  and  V2  (after  annealing  at  1^ 
°C  for  30  min)  have  been  observed  in  all  bombarded  samples.  We  have  explained  the  non-detection  of  V2’” 
~  to  be  due  to  the  presence  of  stress  fields  in  our  low  energy  bombarded  samples.  He-  and  Ne-ion  bombardment 
were  found  to  introduce  a  similar  set  of  defects,  with  a  higher  concentration  of  defects  being  introduced  by  Ne 
ions.  The  heavier  noble  gas  ions  created  a  different  set  of  defects  in  Si,  which  we  have  attributed  to  their  higher 
rates  of  nuclear  stopping.  Some  of  the  low  energy  defects  could  be  due  to  vacancy  clusters  (larger  than  di  vacancies) 
and  the  incorporation  of  noble  gas  ions  into  these  clusters. 

3 

The  photoluminescence  (PL)  intensities  of  the  C-line  (789.4  meV)  and  G-line  (969.5  meV)  transition^ 
corresponding  to  the  Cj-Oj  defect,  with  an  energy  level  at  Ey  +  0.36  eV,  and  the  metastable  Ci-Cg  defect, 
respectively,  were  investigated  as  a  function  of  incident  ion  mass,  dose  and  energy.  The  PL  intensities  of  both 
spectral  lines  were  found  to  decrease  with  increasing  bombarding  ion  mass.  For  Ne  ion  bombardment,  their  PL 
intensities  reached  maximum  values  at  a  fluence  of  1  x  1 0  cm  and,  thereafter,  decreased.  We  propose  that  the 
reductions  in  intensities  of  the  spectral  lines  are  due  to  the  introduction  of  increased  amounts  of  non-radiative 
recombination  centres.  DLTS  measurements  were  used  to  validate  our  proposition.  The  energy  dependence  of 
the  PL  intensities  of  the  G-  and  C-lines  is  described  qualitatively  by  considering  the  integral  sum  of  defects 
created  by  ions  with  energies  in  the  range  1  -  150  keV  over  the  excitation  depth  of  our  Ar-ion  laser  in  Si.  The 
energy  deposited  by  the  bombarding  noble  gas  ions  to  energetic  recoils  is  also  considered. 

1  J.R.  Troxell,  Solid  State  Electronics  26, 539  (1983). 

2  L.C.  Kimerling,  M.T.  Asom,  J.L.  Benton,  RJ.  Drevinsky  and  C.E.  Caefer,  Materials  Science  Forum  38-41, 141 
(1989). 

3  J.  Weber  and  M.  Singh,  Appl.  Rhys.  Lett.  49,  1617  (1986). 
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The  field  of  Intrinsic  Point  Defect  Engineering  started  in  the  70’s.  It  is  based  on  the  idea  that  non-equilibrium 
intrinsic  point  defects  (IPDs)  take  part  in  forming  the  structural  defects  and  electrically  active  centers  as  well  as 
in  the  diffusion  of  impurity  atoms.  Those  ideas  led  to  the  development  of  different  methods  of  gettering  and 
passivation  of  defects  in  silicon  devices. 

Difficulties  in  studying  the  process  of  generation  and  relaxation  of  IPDs  during  the  heat  treatment  are  related  to 
two  factors.  Firstly,  vacancies  and  self-interstitials  cannot  be  observed  as  free  single  defects.  They  can  be  studied 
only  relying  on  the  indirect  data  of  structural  defects,  their  electrically  active  centers  and  the  diffusion  of  doping 
impurities.  Secondly,  due  to  a  low  concentration  of  these  defects  their  nature  cannot  be  investigated  by  such 
methods  as  the  electron  paramagnetic  resonance,  the  optical  absorption,  etc. 

The  study  the  effects  of  IPDs  on  the  formation  of  oxidation  stacking  faults  and  on  the  doping  impurity  diffusion 
provided  a  basis  for  the  development  of  intrinsic  point  defect  engineering  in  microelectronic  device  technology. 
The  purpose  of  our  work  is  to  overview  the  results  of  our  investigations  on  the  influence  of  IPDs  generated 
under  high  temperature  annealing  (characteristic  of  high-voltage  power  devices)  on  the  behavior  of  swirl-defects 
in  dislocation-free  FZ-Si,  on  the  formation  of  electrically  active  centers  in  neutron  transmutation  doped  silicon 
and  high  voltage  p-n  junctions  and  on  the  deep  diffusion  of  aluminium  in  Si. 

The  type  and  concentration  of  generated  IPDs  was  controlled  by  changing  the  medium  in  which  the  heat  treatment 
took  place.  The  heat  treatment  in  the  oxidizing  atmosphere  results  in  the  generation  of  self-interstitials;  the  heat 
treatment  in  the  inert  atmosphere  and  in  vacuum  is  accompanied  by  supersaturation  of  silicon  with  vacancies, 
while  the  heat  treatment  in  the  chlorine-containing  atmosphere  makes  it  possible  to  control  the  type  of  the 
dominating  IPDs.  X-  and  y-ray  diffraction,  TEM,  X-ray  topography  by  Lang,  DLTS,  temperature  dependence  of 
minority  carrier  lifetime  and  reverse  current  volume  component,  microplasma  spectroscopy  techniques  were 
used  to  study  the  properties  of  defects  and  structures. 

In  conclusion,  list  the  some  obtained  results:  (I)  IPD  parameters  were  determined  from  the  study  of  the  swirl- 
defect  behavior  during  high  temperature  annealing  and  of  the  diffusion  of  aluminium;  (ii)  a  diffuse  scattering  of 
y-rays  on  the  IPD-related  defects  was  discovered;  (iii)  for  the  first  time,  the  generation  of  vacancy  defects  was 
observed  directly,  after  the  heat  treatment  of  Si  in  the  chlorine-containing  atmosphere;  (iiii)  deep  level  centers, 
whose  appearance  was  related  to  IPDs,  were  identified. 
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Radiation  damage  is  known  to  constitute  a  strict  drawback  to  the  application  of  Silicon  as  a  particle  detector, 
particularly  in  high  energy  physics  experiments.  Many  questions  are  still  open  about  the  nature  of  defect  centers 
introduced  by  the  radiation.  At  present.  Oxygen  is  under  investigation  as  candidate  center  responsible  of  improving 
the  radiation  hardness  of  silicon  detectors  for  what  concerns  leakage  current  and  type-inversion  behaviour. 

We  have  evaluated  the  effect  of  neutron  irradiation  on  both  oxygenated  and  not  oxygenatedpm  Silicon  detectors. 
Current- voltage  measurements  as  a  function  of  the  temperature  and  capacitance-voltage  measurements  at  different 
frequencies  have  been  performed  to  better  understand  the  effect  of  the  defects  due  to  the  neutron  irradiation  on 
the  electrical  properties. 

Direct  information  about  the  trap  parameters,  as  concentration  and  energy  levels,  has  been  deduced  by  DLTS 
measurements.  For  some  traps,  the  capture-cross  section  has  been  calculated  by  using  time  variable  filling 
pulses  in  DLTS  measurements. 
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SILICON 
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The  understanding  of  formation  and  evolution  with  temperature  of  defects  in  irradiated  silicon  is  still  incomplete 
especially  in  the  high  temperature  range.  Results  gathering  from  various  experimental  techniques  have  given 
significant  evidence  about  the  structure  of  various  multivacancy-multioxygen  complexes  in  silicon.  However, 
the  picture  is  not  finished  yet  in  all  its  details.  A  variety  of  experimental  signals  exist  which  has  not  been 
definitely  correlated  with  certain  defect  structures. 

losing  ^  spectroscopy  we  have  investigated  the  LVMs  of  various  defects  appearing  in  Cz-grown  silicon  ([Oi]o=*10 
^^cm  ’  )  after  fast  neutron  irradiation,  in  room  temperature  and  subsequent  thermal  annealing,  with  special 
interest  on  VO3  and  VO4  defects.  A  simple  theoretical  model  employing  semiempirical  calculations  has  been 
used  to  calculate  the  vibrational  frequencies  of  these  defects.  When  the  883cm  band  of  VO2  defect  anneals  out 
at  ~450°C  three  bands  at  899,  962  and  993cm  attributed  to  VO3  [V02+Oi]  defect  appear  in  the  spectra.  At  a 
slightly  higher  temperature  another  peak  at  978cm  "  previously  attributed  in  the  literature  to  a  modified  VO3 
defect  emerges.  Our  calculations  favour  attribution  of  this  defect  to  a  [VO2+VO2]  structure.  On  further  annealing, 
when  the  bands  of  VO3  defect  disappear  from  the  spectra,  two  bands  at  983  and  !  004cm  ’*  appear.  They  havp 
been  correlated  with  VO4  [V02+20i]  defect,  in  oxygen  implanted  Si.  However  in  our  studies,  in  neutron  irradiaten 
Si,  the  above  bands  are  not  present  and  another  pair  of  bands  at  1032  and  1043cm  always  appears  which  also 
have  been  related  to  [V02+20i]  defect.  Our  theoretical  analysis  support  correlation  of  983  and  1004cm  bands 
with  VO4  defect.  Furthermore,  the  question  concerning  the  identity  of  the  structure  related  to  1032  and  1043cm 
bands  is  discussed  and  complexes  like  V4O2  or  V5O2,  which  are  known  to  exist  at  these  temperatures,  are 
considered  as  possible  candidates. 
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Radiation  damage  in  various  crystalline  semiconductor  materials,  in  particular  silicon,  after  irradiation  with 
both  electron  or  proton  beams  in  the  1  to  10  MeV  range  has  been  studied  in  detail  since  a  number  of  years  (1).  In 
this  contribution  we  compare  the  degradation  of  amorphous  and  microcrystalline  silicon  thin  films  after  exposure 
to  a  1.6  MeV  He"^  beam.  In  particular,  we  study  the  changes  in  the  spectral  response  of  infrared-sensitive  fully 
microcrystalline  p-i-n  detector  structures. 

The  samples  were  deposited  on  glass  substrates  coated  with  indium  tin  oxide  as  back  contact,  followed  by  p- 
type,  intrinsic,  and  n-type  silicon  layers  and  a  top  metal  contact.  The  total  areal  thickn|ss  was  about^O^  mg/cm 
The  He^beam  was  focussed  to  about  1  mm  in  diameter.  The  fluences  ranged  from  10  to  10  ^cm'  .  We  expect 
a  homogenous  profile  of  newly  created  defects  since  the  energy  loss  is  only  0.5  MeV/mg/cm 

As  an  example,  after  a  fluence  of  2x10^^  cm'^  the  open-circuit  voltage  of  the  amorphous  p-i-n  structure  drops 
by  about  90  mV  from  the  initial  value  of  750  mV  measured  under  illumination  with  633  nm  light  from  a  HeNe 
laser.  The  short-circuit  current,  however,  is  reduced  by  a  factor  of  five.  This  is  in  accordance  with  previous 
results  obtained  from  Schottky  barrier  type  structures  after  irradiation  with  a  proton  beam  (2),  Under  higher 
fluences  the  spectral  response  shifted  from  the  red  portion  of  the  visible  spectrum  to  the  blue  region. 

Contrary  to  what  one  would  expect  from  the  inhomogenous  nature  of  microcystalline  silicon  thin  films,  the 
microcrystalline  devices  also  showed  a  shift  of  the  spectra,  indicating  a  reduction  of  the  internal  electric  field 
due  to  newly  created  charged  defects. 

(1)  GW  Simon-  J.M.  Denney.  And  RG.  Downing,  Phys.  Rev.  129  (1963)  2454. 

(2)  R  Schwarz  J  Kolodzey.  S.  Aljishi.  S  Wagner.  “Radiation  Damage  by  i2  MeV  Protons  and  Annealng  of 
Hydrogenated  Amorphous  Silicon”  Proc.  of  1 8th  IEEE  Photovolt,  spec  Conf  Las  vegas.  October  1 985.  p.  903. 
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Neutron  transmutation  doping  is  one  of  the  well-known  methods^^  produce  high-quality  n-type  Si  Unfortunately, 
the  thermal  neutrons  which  induce  the  transmutation  reaction  Si(n,Y)  Si->  P,  are  always  accompanied  by 
fast  neutrons.  Due  to  this  high-energy  neutron  irradiation,  large  regions  of  displaced  atoms  are  created  in  the  Si. 
These  regions  are  highly  disordered  and  may  be  amorphous.  Because  of  this  irradiation  damage,  the  resistivity 
is  drastically  increased  and  annealing  up  to  800°C  is  necessary  for  a  good  electronic  performance.  Although  the 
annealing  procedures  have  been  thoroughly  investigated,  ‘perfect’  annealing  ofthe  damage  is  never  obtained. 
We  aim  to  investigate  the  structure  and  influence  of  this  damage  as  a  function  of  the  irradiation  dose  by  i.e. 
ultrasonic  methods  [1,2].  Since  the  amount  of  damage  that  is  introduced  not  only  depends  on  the  irradiation 
dose,  but  also  on  several  irradiation  conditions,  an  additional  method  to  quantify  the  radiation  damage  is  needed. 

In  this  study  we  use  Raman  spectroscopy  to  investigate  the  damage  caused  by  high-energy  neutrons  for  a  high 
dose.  Measurements  were  carried  out  on  single-crystalline  CZ  bulk  Si  samples  which  were  irradiated  with  a 
fast-neu'-ron  dose  of  1 .7  and  3.2  x  10^^  n/cm^  (E  >  0. 1  MeV).  We  investigated  the  Raman  scattering  for  frequencies 
around  500  cm’\  While  the  linewidth  and  the  ratio  (Iq  - 1  /  Iq)  of  ^ke  ciystalline  band  at  520  cm  give  some 
information  about  the  creation  of  disorder,  the  rise  of  the  amorphous  band  with  the  maximum  at  480  cm' 
characterizes  the  crystalline  to  amorphous  transition  (Iq  and  I  are  the  Raman  intensities  of  the  undisturbed  resp. 
damaged  crystal)  [3].  The  intensity  ofthe  520  cm’^  band  is  determined  for  the  unirradiated  and  the  irradiated 
crystals.  For  the  irradiated  crystals  a  band  at  480  cm’  is  observed  indicating  the  presence  of  amorphous  regions 
in  the  crystals  due  to  the  irradiation.  These  results  will  be  discussed. 

We  also  observed  that  at  very  low  Raman  frequencies  a  feature  reminiscent  of  the  so  called  Boson  peak  typical 
for  amorphous  sohds  is  present.  This  is  interesting  in  view  of  the  fact  that  the  origin  of  this  Boson  peak  in 
amorphous  solids  is  still  under  discussion  [4]. 

[1]  M.  Coeck  and  C.  Laemians,  J.  de  Physique  IV,  C8  (1996)  625  -  628. 

[2]  C.  Laermans  and  V.  Keppens,  Phys.  Rev.  B51  (1995)  8158. 

[3]  B.  Schroder,  H.  Wild  and  E.  Minninger,  J.  of  Nucl.  Mat.  108  &  109  (1982)  685-692, 

[4]  V.L.  Gurevich,  D.A.  Parshin,  J.  Pelous,  H.R  Schober,  Phys.  Rev.  B48  (1993)  16318. 
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This  work  investigates  the  formation  and  structure  of  a  photoluminescent  center  thermally  created  from  neutron- 
irradiated  silicon.  The  interest  for  studying  this  new  deep  center  is  twofold.  Firstly,  the  center  is  formed  at  high 
annealing  temperatures  (550-600  °C)  in  Li-doped  silicon  enriched  with  C  during  the  last  steps  of  the  radiation 
damage  release  such  as  it  is  reflected  in  the  photoluminescence  spectra  given  in  the  figure.  The  spectrum  consists 
of  two  main  lines  at  879.3  and  1093.2  meV  related  to  the  non-phonon  line  of  the  new  center,  and  the  emission 
from  exciton  bound  to  Li  donor  with  one  TO  phonon  creation,  respectively  [1].  This  latter  photoluminescence 
structure  is  also  found  either  in  the  non-irradiated  Li  doped  samples  or  in  those  annealed  at  650  -C.  Secondly,  the 
center  is  passivated  upon  annealing  at  room  temperature.  This  is  evidenced  through  the  continuous  decay 
experienced  by  the  photoluminescence  intensity  at  879.3  meV  with  time. 

Uniaxial  stress  experiments  show  that  the  879.3  meV  center  is  monoclinic  I  with  only  small  departures  from  the 
trigonal  symmetry.  The  isotopic  structure  exhibited  by  the  non-phonon  lines  wher^a  fracticgi  of  Li  is  replaced 
by  °Li  indicates  that  the  center  involves  one  Li  atom.  The  isotopic  shift,  AE=E(  Li)  -  E(  Li)  =  0.19  meV,  is 
similar  to  that  observed  for  the  Q  center  (Li4-V)  in  silicon  [2].  Based  on  the  dependence  of  the  non-phonon 
intensity  with  the  C  concentration  together  with  the  high  annealing  temperatures  required  to  form  this  center,  we 
tentatively  propose  a  T-like  structure  for  this  center  [3],  but  replacing  H  by  Li.  In  such  a  case  the  axis  of  the  C- 
C  split  interstitial  would  be  nearly  along  the  <1 1 1>  direction  instead  of  <100>,  according  to  the  stress  data.  The 
saturation  of  the  dangling  bond  associated  with  this  structure  presumably  by  Li  atoms  would  explain  the  passivation 
process  observed  at  room  temperature. 

[1]  M.L.W.  Thewalt,  Solid  State  Comm..  28,  361  (1978) 

[2]  E.C.Lightowlers,  L.T.Canham,  G.Davies,  M.L.W.Thewalt  and  S.P. Watkins,  Phys.  Rev.  B.  29,  4517  (1984) 

[3]  A.N.  Safonov,  E.C.  Lightowlers,  G.  Davies,  P.  Leary,  R.  Jones  and  S.  Oberg,  Phys.  Rev.  Lett.  77,  4812  (1996) 
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In  this  paper  we  review  recent  studies  of  selfinterstitial  and  selfinterstitial-related  defects  in  and  He"’’  ions 
irradiated  at  77  K  Si  using  DLTS  and  EPR  methods. 

Combined  DLTS  and  EPR  studies  revealed  correlation  between  behavior  of  El  =Ec-0.39  eV  DLTS  state  and  new 
intensive  isotropic  spectrum  (labeled  Si-AA12).  We  have  identified  El  state  and  Si-AA12  spectrum  as  a 
selfmterstitial  complex  because  both  of  them  show  intrinsic  interstitial-related  properties.  These  states  have 
appeared  in  all  irradiated  samples  irrespective  of  the  kind  of  acceptor  impurities  in  Czochralshi-grown  or  float 
zone  crystals  as  well  as  in  high  purity  Si.  Injection  enhanced  low  temperature  migration  of  observed  defects 
increases  of  interstitial  carbon  (Cj)  and  interstitial  acceptor  atoms  as  well  as  Sii-Oj  metastable  complex  (MC, 
EPR  spectra  A1 8,  AAl 3  and  AAl 4)[1  ]  and  oxygen-related  H7  DLTS  state.  AA12  and  El  defect  have  the  same 
electrical  level  position  and  temperature  range  of  annealing.  Temperature  independent  injection  rate  for  annealing 
of  El  defect  indicates  athermal  mechanism  of  migration  as  expected  for  selfinterstitial  as  well  as  cubic  symmetry 
of  AAl  2  center  may  de  the  result  of  motional  average  for  predicted  bonded  paramagnetic  state  Si  i[2]. 

Correlation  of  properties  between  B  configuration  of  MC[  1  ]  and  new  H7=Ev-i-0. 1 3  eV  DLTS  state  is  also  found. 
The  H7  defect  may  be  associated  with  the  energy  level  B  (+/0).  Interstitial-related  character  of  the  H7  defect  is 
confirmed  by  the  appearance  of  C]  after  annealing  of  H7  defect.  At  last  for  both  defects  the  same  reversible 
transformation  (El  <-»H7  and  AAl  2^MC)  are  found.  The  observed  correlation  is  additional  evidence  of  interstitial 
nature  of  discussed  defects. 

We  have  observed  a  new  H4  DLTS  state.  The  kinetics  for  different  stages  of  the  HI  4  annealing  are  described  by 
first,  second  and  third  orders.  This  kinetics  is  corresponded  to  diffusion  controlled  recombination  of  defects 
expected  for  vacancy-selfinterstitial  pairs.  We  have  identified  the  H4  defect  as  a  vacancy-selfinterstitial  pair 
related  complex. 

1  Kh.  Abdullin,  B.  N.  Mukasev  and  Yu.  V.  Gorelkinskii,  Semicond.  Sci.  Technol.,  1996,  1 1 ,  p.  1 696. 

2  G.  D.  Watkins,  Material  Science  Forum,  1994, 143-147,  p.  9. 
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18 

Undoped  and  differently  doped  silicon  samples  (B,  PAs  and  Sb)  were  irradiated  with  2MeV  electrons  (10  cm 
at  low  temperature  (4K)  to  study  the  defect  formation  and  transformation  during  the  annealing  in  the  range 
between  90  and  900  K.  The  annealing  behavior  depends  on  the  dopant  and  on  the  oxygen  concentration.  Vacancies 
and  divacancies  are  the  dominating  defects  in  undoped  material.  The  E  center  (vacancy-dopant  complex)  is  only 
detectable  in  highly  doped  n-type  Si.  Complexes  containing  oxygen  are  also  observable  by  positrons  and  they 
influence  strongly  the  annealing  behavior.  In  addition,  temperature-dependent  positron  lifetime  measurements 
were  performed  after  irradiation  with  different  doses,  at  different  temperatures  (4  K  and  300  K),  and  after 
different  annealing  steps.  The  positron  lifetime  behavior  depends  distinctly  on  .sample  temperature  for  all 
conductivity  types  of  silicon  and  it  is  typical  for  the  competitive  trapping  in  vacancies  and  in  shallow  positron 
traps.  The  concentration  of  shallow  traps  correlates  with  the  oxygen  content  in  the  material.  A  possible  candidate 
is  the  A  center  (vacancy-oxygen  complex).  Combined  IR  investigations  show  that  no  A  centers  are  present  after 
low  temperature  irradiation  up  to  a  dose  of  10‘  ®  cm”^.  However,  A  centers  are  detectable  after  room-temperature 
irradiation  and,  therefore,  we  conclude  that  .shallow  traps  after  4  K  irradiation  are  modified  A  centers,  at  least 
with  the  following  properties:  small  open  volume,  containing  oxygen,  and  negatively  charged. 
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grown-in  defects,  point  defect  reactions,  crystal  pulling,  Cz  silicon,  FZ  silicon 

Commercial  silicon  materials  are  grown  under  pulling  conditions  resulting  in  vacancy-rich  crystals.  The  high 
concentration  of  vacancies  leads  to  the  formation  of  so-called  D-defects  which  have  a  detrimental  impact  on  the 
electrical  properties  of  thin  gate  oxides.  Therefore  D-defects  have  been  studied  intensWely  in  previous  years. 
Recently,  it  was  established  that  as-grown  Czochralski  silicon  contains  10-10  cm'  octahedral  voids  with 
sizes  ranging  from  50  to  300  nm.  The  void  density  correlates  well  with  the  observed  gate  oxide  and  D-defect 
densities.  As  interstitial  oxygen  is  present  in  high  concentrations  oxide  precipitate  nuclei  are  formed  during 
crystal  growth.  Due  to  the  slower  diffusion  of  oxygen  the  size  of  these  nuclei  is  much  smaller  than  those  of  the 
D-defects  while  their  density  is  a  few  orders  of  magnitude  higher.  As  vacancy  supersaturation  facilitates  the 
nucleation  and  growth  of  oxide  precipitates,  the  precipitation  of  interstitial  oxygen  during  further  thermal  processes 
is  determined  by  the  initial  grown-in  defect  density  which  itself  is  determined  by  the  crystal  pulling  conditions. 

In  the  present  paper  results  are  reported  of  an  experimental  and  numerical  investigation  of  grown-in  point  defect 
clusters  as  a  function  of  crystal  pulling  conditions.  Infrared  scattering  and  interference  techniques  are  used  to 
measure  the  defect  size  and  density  distributions  in  as-grown  and  heat  treated  Czochralski  and  Floating  Zone 
wafers.  A  large  fraction  of  the  grown-in  defects  is  smaller  than  the  size  detection  limit  of  the  available  analytical 
tools  and  is  therefore  not  observed  in  the  as-grown  material.  Increasing  the  defect  sizes  by  thermal  anneals 
allows  to  shift  the  initial  defect  size  distribution  above  the  size  detection  limit  and  yields  thus  indirect  information 
on  the  grown-in  distribution. 

The  experimental  observations  can  be  reproduced  with  high  accuracy  by  numerically  simulating  the  whole 
pulling  process  including  intrinsic  point  defect  incorporation  and  homogenous  nucleation  and  growth  of  voids 
and  oxide  nuclei  during  solidification  and  cooling  of  the  crystal.  Consistent  estimates  of  the  intrinsic  point 
defect  solubility  and  diffusivity  can  also  be  determined. 
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In  the  recent  Si  ULSI  technologies,  high-energy  (  several  hundreds  keV  )  ion  implantation  has  been  used  in  the 
device  fabrication  processes.  During  the  ion  implantation  and  the  following  thermal  annealing,  various  defects  are 
induced  in  Si  substrates  and  they  might  interact  with  other  defects  and  impurities.  However,  fundamental  properties 
of  these  process-induced  defects  have  not  been  understood  well.  From  this  point  of  view,  we  have  investigated  the 
defects  in  Si  induced  by  ion  implantation  and  thermal  annealing  by  using  photoluminescence  (PL)  technique.  In  this 
study,  we  have  examined  the  effects  of  annealing  atmosphere  and  Cu  contamination  on  the  PL  spectra  and  observed 
sharp  luminescence  lines  at  0.992  eV  and  1 .097  eV  in  high-energy  ion-implanted  Si.  We  consider  that  these  lines  are 
due  to  the  different  types  of  the  point  defect  clusters.  The  defect  formation  of  the  0.992  eV  center  is  strongly  affected 
by  the  annealing  atmosphere  and  the  Cu  contamination  while  that  of  the  1.097  eV  center  is  not  affected. 

Samples  were  generated  by  implanting  300  keV  or  700  keV  P^  to  a  dose  of  2x10'^  cm’^  into  (100)  p-type 
Czochralski-grown  Si  wafers.  Samples  were  annealed  in  a  furnace  at  200  -700  °C  for  60  minutes  in  vacuum  or  in  N^ 
atmosphere.  In  the  case  of  the  annealing  in  vacuum,  samples  were  put  in  a  sealed  quartz  ampoule  and  Cu  contamination 
was  carried  out  by  putting  a  small  Cu  wire  with  samples  in  a  ampoule.  PL  spectra  were  measured  at  4.2  K.  Samples 
were  excited  by  the  488  nm  line  of  an  Ar  ion  laser.  The  emission  from  the  samples  were  analyzed  by  a  50  cm  single 
monochromator  and  detected  by  a  cooled  Ge  detector. 

In  the  PL  spectra  of  the  annealed  samples,  II,  12,  and  13  lines,  which  have  been  reported  to  originate  from  radiation 
damage,  are  observed  as  well  as  the  band-edge  emission  due  to  bound  excitons  and  electron  hole  droplets.  Besides 
those  lines,  sharp  PL  lines  appear  at  0.992  eV  and  at  1 .097  eV  depending  on  the  annealing  condition. 

The  PL  line  at  0.992  eV  appears  only  after  the  annealing  in  vacuum.  In  the  case  of  the  annealing  in  vacuum 
without  Cu  contamination,  this  line  appears  after  the  annealing  at  500  -  600  °C.  If  the  samples  are  annealed  in 
vacuum  with  Cu  contamination,  the  annealing  temperature  at  which  the  0.992  eV  line  is  observed  ranges  300  - 
600  °C.  As  this  line  appears  in  both  cases  of  B-implanted  and  P-implanted  samples,  the  luminescence  center  of 
this  line  contains  neither  B  nor  P  atoms.  This  center  does  not  contain  Cu  atoms  because  the  line  also  appears 
after  the  annealing  in  vacuum  without  Cu  contamination.  However,  the  dependence  of  the  0.992  eV  line  on  the 
annealing  temperature  suggests  that  Cu  atoms  strongly  enhance  the  formation  of  this  center.  Considering  the 
annealing  behavior  and  the  dependence  on  the  annealing  atmosphere,  we  tentatively  assign  the  0.992  eV  line  to 
the  vacancy-type  of  point  defect  clusters. 

On  the  other  hand,  the  1 .097  eV  line  is  observed  in  the  B-implanted  and  the  P-implanted  samples  annealed  at 
300  400  cc  and  depends  on  neither  the  annealing  atmosphere  nor  the  Cu  contamination.  The  energy  position  of 
the  1.097  eV  line  coincides  with  that  of  free  exciton  line  of  Si.  However,  in  the  high-resolution  PL  spectra,  the 
1 .097  eV  line  is  relatively  strong  in  intensity  and  distinguished  from  the  free  exciton  line.  We  consider  that  the 
origin  of  the  1 .097  eV  line  is  also  the  point  defect  clusters  induced  by  ion  implantation  and  thermal  annealing. 
However,  the  annealing  behavior  indicates  that  the  structure  and  the  formation  mechanism  of  the  1 .097  eV 
defect  are  much  different  from  those  of  the  0.992  eV  defect. 
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Defect  production  rate  (DPR)  as  a  function  of  temperature  and  defect-forming  electron  energy  has  been  studied 
in  silicon.  It  is  shown  that  the  value  of  electron  energy,  for  which  DPR  goes  to  zero,  is  not  always  an  accordance 
with  the  threshold  energy  (TE).  In  many  cases  DPR  goes  to  zero  in  a  result  of  formation  of  conditions  for 
effective  Frenkel  pairs  annigilation.  These  conditions  may  be  connected  with  temperature,  doping  concentration 
and  intencity  of  irradiation.  It  is  obtained  that  the  function  DPR=F(T)  has  the  temperatute  point  of  minimum 
DPR  (TPM).  For  1 .2  MeV  electrons  irradiation  and  low  doped  phosphorus  silicon  TPM  is  equal  1 1 8  K.  Decrease 
of  electron  energy  results  in  growth  of  TPM.  Increase  of  dopping  concentration  has  an  effect  of  lowering  of 
TPM. 

Analysises  of  such  type  experiments  and  the  process  of  breaking  in  a  crystal  lattice  of  “hot”  atoms  give  a  result 
that  the  TE  is  reduced  to  12.6  eV  for  most  of  published  “threshold”  experiments.  The  determined  TE  is  equal  to 
the  minimum  value  of  TE  that  it  has  been  earlier  received  in  experiments  at  a  room  temperature.  It  is  also  found 
the  energy  of  silicon  atom  bonds  (10.7  eV)  and  the  energy  barrier  for  migration  of  interstitials  (1.5  eV). 
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Photoluminescence  measurements  on  a  variety  of  silicon  samples  implanted  with  Au  and  Pt  show  that,  whereas 
Au  doping  leads  to  one  prominent  spectrum  already  reported  in  the  literature[l],  three  new  vibronic  bands  are 
observed  for  Pt  with  principal  zero-phonon  lines  at  ~777,  '-884,  and  '-1026  meV.  In  all  cases,  a  strong  in-band 
local  phonon  mode  sideband  occurs  in  addition  to  a  broad  sideband  involving  host  crystal  phonons.  The  local 
mode  energy  and  Huang-Rhys  parameter  values  for  the  centres  lie  in  the  ranges  8-1  ImeV  and  4-5,  respectively. 
All  three  centres  have  a  manifold  of  excited  state  levels,  with  the  observed  transitions  occurring  into  a  single 
ground  state.  The  defects  are  produced  by  rapidly  quenching  implanted  samples  to  room  temperature  following 
an  anneal  at  900°C.  The  relative  intensities  of  the  three  spectra  depend  on  the  starting  material  and  on  the  details 
of  the  quench.  Storage  at  room  temperature  also  affects  the  relative  intensities.  Uniaxial  stress  measurements  on 
the  1026  meV  centre  show  that  it  is  of  trigonal  symmetry;  preliminary  measurements  on  the  other  centres 
indicate  that  they  are  axial  also,  so  that  none  of  the  spectra  can  be  assigned  to  isolated  sustitutional  Pt  impurities. 
Likewise,  no  correspondence  can  be  established  between  these  photoluminescence  spectra  and  published  Pt 
acceptor  absorption  spectra,  confirming  that  they  cannot  be  assigned  to  transitions  between  Pt  acceptor  levels. 
Neither  do  they  correspond  to  the  positions  of  reported  donor  absorption  transitions  at  Pt  impurities[2,3].  The 
likelihood  is  that  the  luminescence  is  produced  at  centres  involving  Pt  and  one  of  the  common  trace  impurities 
in  silicon;  a  variety  of  such  defects  has  been  reported  in  EPR  measurements[4,5].  There  is  some  evidence  that 
the  777meV  centre  is  due  to  Pt-Fe  pairs,  with  parallels  to  the  735meV  centre  believed  to  be  due  to  Au-Fe 
pairs[6].  These  details  and  their  implications,  and  the  results  of  additional  uniaxial  stress  and  Zeeman 
measurements,  will  be  discussed. 
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Gold  atoms  in  silicon  occupy  interstitial  and  substitutional  sites,  and  substitutional  gold  exists  in  three  states  due 
the  thermal  condition:  high-temperature  substitutional  gold  in  the  condition  of  supersaturation  above  850-  C  or 
undersaturation,  low-temperature  substitutional  gold  in  that  of  supersaturation  below  850^  C,  and  agglomerates 
of  substitutional  gold  as  a  fraction  of  annealed  one.  High-temperature  substitutional  gold  diffuses  via  Seeger’s 
kick-out  mechanism  as  confirmed  by  Gosele  et.  al.  Morooka  et.  al.  proposed  a  ring  mechanism  for  the  diffusion 
of  low-temperature  substitutional  gold.  Therefore,  gold  atoms  in  silicon  diffuse  by  intricate  processes  due  to  the 
state  of  substitutional  gold  depending  on  the  condition  of  heat  treatment. 

Ring-diffusion  of  low-temperature  substitutional  gold  has  investigated  by  a  special  annealing  of  supersaturated 
substitutional  gold.  Silicon  specimens,  in  which  gold  had  been  diffused  previously  at  1000^  C,  was  heat-treated 
again  at  500^  C-700^  C,  and  the  supersaturated  low-temperature  substitutional  gold  was  reduced  to  a  thermal 
equilibrium  concentration  by  the  annealing.  An  annealing-time  dependence  of  the  concentration  of  the 
substitutional  gold  was  measured.  The  concentration  decreased  rapidly  with  a  short  time-constant  at  the  first 
stage  of  annealing,  and  then  decreased  slowly  with  a  log  time-constant  at  subsequent  stage.  The  first  rapid 
annealing  is  caused  by  a  ring-diffusion  of  low-temperature  substitutional  gold  with  a  homogeneous  agglomeration. 
The  second  slow  annealing  is  caused  by  an  out-diffusion  of  the  gold  to  a  specimen  surface  .Diffusion  coefficient 
for  the  ring-diffusion  of  substitutional  gold  obtained  from  the  results  is 

D=(I0'^-10'5exp(-(1.7±0.2)/kT)  [cm^/s]. 

The  activation  energy  for  the  ring-diffusion  was  1.5- 1.9  eV.  The  concentration  profiles  of  low-temperature 
substitutional  gold  in  the  annealing,  which  were  obtained  by  ICTS  measurements,  will  be  presented  also  discussed 
using  above  diffusion  coefficient. 
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The  problem  of  the  millimeter  wave  gyrotrons  for  plasma  heating  systems  with  1  MW  output  power  at  100  -  200 
GHz  in  continuous  mode  is  the  materials  with  ultra  low  absorption  for  output  power  windows.  Silicon  and  other 
IV  group  semiconductors  are  considered  to  be  the  most  perspective  materials  for  this  application.  In  this  paper 
we  report  results  of  investigation  of  impurity-inducted  microwave  absorption  in  high-pure  and  Au-doped  silicon. 

For  the  first  time  monocrystal  silicon  with  high  resistivity  and  superlow  dielectric  losses  in  microwave  range 
was  produced  by  doping  with  the  gold  (p  =  360  kOhm*cm,  tg5  =  3  x  10  at  T  =  290  K  and  f  =  145  GHz). 
Resistivity  and  dielectric  losses  in  Au-doped  material  are  closed  to  those  in  intrinsic  silicon  . 

The  absorption  in  high-pure  and  doped  silicon  was  studied  in  the  millimeter  wave  range  and  the  temperature 
interval  80  -  370  K.  At  cooling  of  silicon,  doped  by  gold,  down  to  temperature  of  freezing  of  gold  radiation 
losses  sharply  fall.  There  is  a  region  with  minimum  losses  T  <  280  K.  The  coincidence  of  temperature  dependence 
of  losses  and  temperature  dependence  of  resistivity  for  high  purity  and  Au-doped  silicon  wafers  in  temperature 
interval  200-320K  shows  that  the  main  contribution  to  total  dielectric  losses  of  far  IR  and  microwave  radiation 
is  given  by  free  charge  carriers. 

The  work  was  supported  by  the  Grant  96-03-32798  from  the  Russian  Foundation  for  Fundamental  Researches, 
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Copper,  silver  and  gold  in  the  group  1 B  of  the  periodic  table  receive  much  interest  as  deep-level  dopants  in 
silicon.  This  is  due  to  their  technological  relevance  and  interesting  physical  properties  of  transition  metal  impurities 
with  a  complete  d^^  electron  shell.  However,  in  spite  of  numerous  experimental  and  theoretical  studies,  the 
microscopic  structure  of  their  isolated  defect  configurations  have  not  been  fully  clarified.  Therefore  further 
experiments  are  required  in  this  field  in  order  to  understand  the  chemical  trend  and  to  develop  the  theory  for 
these  impurities. 

In  this  contribution  three  electron  paramagnetic  resonance  spectra  in  silicon  doped  with  silver  in  a  water  vapor 
atmosphere  are  reported.  The  observed  centers,  labelled  Si-NL56,  Si-NL57  and  Si-NL58,  show  a  symmetry 
lower  than  cubic  and  an  effective  electron  spin  S=l/2.  Based  on  studies  with  enriched  silver  isotopes  and  analysis 
of  the  observed  two-fold  hyperfine  splitting,  the  participation  of  one  silver  atom  is  established  for  the  first  two 
centers.  The  Si-NL56  center  of  the  orthorhombic-I  symmetry  is  identified  as  an  isolated  substitutional  silver 
atom,  and  its  electronic  structure  is  shown  to  conform  to  the  vacancy  model.  Together  with  the  earlier  observation 
of  the  isolated  interstitial  silver  atom,  Si-NL42,  the  microscopic  picture  of  the  isolated  silver  in  silicon  has 
become  more  complete.  Due  to  the  presence  of  an  additional  hyperfine  interaction  with  a  nuclear  spin  1=5/2  the 
Si-NL57  spectrum  of  the  trigonal  symmetry  is  assigned  to  a  complex  of  silver  with  another  impurity  introduced 
during  the  diffusion  process.  Taking  into  account  the  sample  preparation  procedure,  the  Si-NL57  center  is  attributed 
to  an  Als-Agi  pair  in  a  negative  charge  state.  This  observation  also  indicates  the  diffusion  enhancement  of 
aluminum  in  silicon  treated  in  the  water  vapor  atmosphere.  By  analysis  of  the  features  of  the  tetragonal  spectrum, 
Si-NL58,  and  the  defect  formation,  it  is  identified  as  a  copper-copper  pair  in  a  negatively  charged  state.  The 
relation  of  this  center  and  a  well-known  copper-copper  pair  observed  at  1014,7  meV  in  photoluminescence  is 
discussed. 

The  obtained  results  give  an  important  impetus  to  the  study  of  the  d*^  transition  metals  in  silicon. 
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The  silver  donor  centre  in  silicon  produces  the  6289  cm  ^ ,  or  ABC,  photoluminenscence  system.  Several  sharp 
lines  were  observed,  which  have  been  described  as  due  to  transitions  from  the  split  effective-mass-like  electronic 
states  near  conduction  band  to  the  ground  state.  It  has  been  found  that  the  centre  has  C2v  or  lower  symmetry. 
However,  we  still  have  very  limitted  knowledge  about  this  silver  centre.  Here  we  show  for  the  first  time,  to  the 
best  of  our  knowledge,  detailed  studies  of  the  centre  under  external  fields  and  annealing  treatment.  We  also 
show  that  a  new  level,  which  produces  the  ‘forbidden’  zero-phonon  line  reported  in  ref.[l],  plays  a  key  role  in 
the  sideband  of  this  system. 

From  our  further  photoluminescence  investigation  of  this  system  by  Fourier  transform  spectroscopy,  we  find 
that  the  ionization  energy  of  the  bound  exciton,  about  30  meV,  is  very  far  from  its  spectroscopic  binding  energy 
of  389  meV.  Since  the  electron  in  the  exciton  has  been  identified  as  an  effective-mass  particle,  the  hole  is 
evidently  tightly  bound.  Our  low  temperature  spectra  confirm  the  existence  of  a  new  zero-phonon  line,  located 
at  about  6280  cm  ’  ‘ ,  We  believe  that  this  line  is  a  forbidden  transition  from  a  new  level,  lying  -2  cm '  below  the 
previous  lowest  detectable  excited  level  A,  to  the  same  ground  state  as  the  other  zero-phonon  line  A,  B,  and  C. 
The  unusual  temperature-dependent  behaviour  of  the  vibronic  bandshap  shows  that  the  vibronic  sideband  is,  in 
fact,  caused  by  transitions  between  the  ‘forbidden’  level  and  the  ground  state.  Consequently  there  must  be  a 
strong  coupling  between  this  ‘forbidden’  level  and  the  upper  excited  states.  This  is  consistent  with  the  results  of 
our  uniaxial  stress  and  Zeeman  investigations.  Uniaxial  stress  splitting  also  shows  that  this  donor  centre  has  Cjh 
symmetry. 

A  complicated  annealing  behaviour  has  been  obtained.  The  centre  can  be  partly  destroyed  by  heating  at  low 
temperature,  around  250°C,  or  totally  at  higher  temperature,  above  500°C.  Only  the  destruction  at  low  temperature 
can  be  recovered  by  further  heat  treatment. 

We  also  reported  that  another  silver-related  photoluminescence  system,  overlapping  the  ABC  system  of  silver, 
which  is  observed  in  heavily  silver-doped  samples. 

[1]  M.Zafar  Iqbal,  Gordon  Davies,  and  E.C.Lightowlers,  Material  Science  Forum,  773,  143-147.  (1994 
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Multicrystalline  silicon  is  a  very  interesting  material  for  terrestrial  solar  cells.  Its  low  cost  and  respectable 
energy  conversion  efficiency  (12-15%)  makes  it  arguably  the  most  cost  competitive  material  for  large-volume 
solar  power  generation.  However,  the  multicrystalline  silicon  solar  cell  efficiency  is  severely  degraded  by  regions 
of  high  minority  carrier  recombination  which  possess  both  dislocations  and  microdefects.  These  structural  defects 
are  known  to  increase  in  recombination  activity  with  transition  metal  decoration,  therefore,  gettering  of  metal 
impurities  from  the  material  would  be  expected  to  greatly  enhance  solar  cell  performance.  Contrary  to  this 
rationale,  experiments  using  frontside  phosphorus  and/or  backside  aluminum  treatments  have  been  found  to 
improve  regions  with  low  recombination  activity  while  having  little  or  no  effect  on  the  high  recombination 
regions  and  in  turn  only  slightly  improving  the  overall  cell  performance.  The  goal  of  this  research  is  to  determine 
the  mechanism  by  which  gettering  is  ineffectual  on  these  high  recombination  regions. 

We  have  performed  studies  on  integrated  circuit  (IC)  quality  single  crystal  and  multicrystalline  solar  cell  silicon 
in  the  as-grown  state  and  after  a  variety  of  processing/gettering  steps.  With  Surface  Photovoltage  measurements 
of  the  minority  carrier  diffusion  length,  we  have  seen  that  segregation-type  external  gettering  is  effective  for 
improving  IC  quality  material  but  ineffective  for  improving  the  high  recombination  regions  in  multicrystalline 
silicon.  Using  Deep  Level  Transient  Spectroscopy,  we  have  determined  that  in  as-grown  multicrystalline  silicon 
metal  impurities  primarily  dwell  in  regions  of  high  dislocation  density  which  have  significant  carrier 
recombination.  Additionally,  with  the  use  of  synchrotron -based  x-ray  fluorescence  mapping  and  correlated 
structural  analysis,  we  have  concluded  that  metal  impurities  specifically  reside  at  dislocations  and  grain  boundaries 
in  high  recombination  regions  of  as-grown  material  as  well  as  after  gettering  treatments.  Modeling  results  of  the 
diffusion  process  during  gettering  clearly  show  that  the  gettering  processes  would  be  expected  to  drastically 
reduce  metal  impurity  concentrations  in  the  material,  contrary  to  these  experimental  results.  Based  on  these 
results  one  can  conclude  that  external  gettering  as  applied  to  multicrystalline  silicon  is  limited  by  the  release  of 
the  impurity  from  the  structural  defects  while  for  single  crystal  silicon  it  is  a  diffusionAimited  process.  This  fact 
suggests  the  metal  could  be  in  the  form  of  a  stable  metal  carbide  or  oxide  which  is  not  easily  dissolved  or 
possibly  as  a  metal  atom  or  metal  silicide  that  is  highly  stabilized  by  the  strain  field  of  the  structural  defect.  We 
are  studying  the  chemical  nature  of  the  metal  atom  at  these  structural  defects  and  the  kinetics  of  dissolution  to 
develop  a  better  understanding  of  metal  impurity  behavior  and  improve  multicrystalline  silicon  solar  cell 
performance. 
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Gettering  techniques  used  in  both  integrated  circuit  (I.C.)  and  photovoltaic  (PV)  silicon  materials  depend  upon 
dissolution  and  precipitation  of  transition  metals.  Yet  transition  metal  dissolution  and  precipitation  kinetics  in 
the  presence  of  various  structural  defects  have  not  been  studied  systematically.  In  order  to  better  understand 
these  processes,  we  have  precipitated  and  dissolved  iron  in  single  crystal  and  multicrystalline  float  zone  (FZ) 
silicon  materials.  Some  FZ  materials  had  intentional  iron  contamination  during  growth  while  others  were 
intentionally  iron  contaminated  at  high  temperatures.  Samples  were  heated  to  950°C  and  quenched.  Precipitations 
were  performed  with  short  anneals  at  700,  600,  475,  350  and  235  °C,  and  dissolutions  were  performed  at  short 
anneals  at  950°C.  In  order  to  monitor  the  precipitation  kinetics,  dissolved  iron  concentrations  were  measured 
with  deep  level  transient  spectroscopy  (DLTS).  The  product  of  precipitate  radius  and  precipitation  site  density, 
nro  (Ham’s  law[l])  were  determined  from  precipitation  rates.  It  was  observed  that  nro  products  increase  orders 
of  magnitude  with  decreasing  precipitation  temperatures  (i.e.  increasing  supersaturation).  The  dissolution  kinetics 
of  iron  precipitates,  and  consequences  for  gettering,  are  discussed.  Diffusion  lengths  during  precipitation  and 
dissolution  were  measured  with  surface  photovoltage  (SPV)  and  the  recombination  activity  of  the  precipitates 
was  observed  with  electron  beam  induced  current  (EBIC)  techniques.  Minority  carrier  diffusion  lengths  improved 
upon  precipitation  of  iron,  indicating  a  dependence  of  the  recombination  activity  of  the  Fe  on  the  configuration 
of  the  Fe  precipitate. 

[1]  F.  S.  Ham,  “Theory  of  Diffusion-Limited  Precipitation”,  J.  Phys.  Chem.  Solids,  6,  335-351  (1958) 
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The  excitation  spectrum  of  the  neutral  orthorhombic  Fein  center  in  silicon  will  be  discussed  in  some  detail. 
Resent  results  obtained  by  Fourier  transform  spectroscopy  using  perturbation  techniques  i.e.  uniaxial  stress  and 
Zeeman  spectroscopy  will  be  presented.  A  model  is  proposed  that  perfectly  accounts  for  the  strong  selection 
rules  observed  in  a  previous  thermal ization  study[l]  as  well  as  the  Zeeman  splitting  and  polarization  selection 
rules  at  different  magnetic  fields.  The  initial  as  well  as  the  final  state  is  derived  from  a  E\  term  split  by  spin- 
orbit  interaction  with  a  nearby  ^82  term.  The  spin-orbit  and  crystal-field  parameters  for  both  the  initial  and  final 
states  are  almost  identical  and  close  to  those  obtained  from  a  previous  electron  paramagnetic  resonance  study  [2]. 
Surprisingly,  no  uniaxial-stress  splitting  of  the  excitation  lines  has  been  observed  for  this  low-symmetry  center. 
This  observation  together  with  the  fact  that  both  states  are  described  by  almost  equal  electronic  parameters  may 
implicate  that  both  states  have  similar  origin  and  the  spectrum  will  be  discussed  in  terms  of  2intra-d2  transitions 
at  the  Fe  ion. 

[1]  P  Tidlund,  M  Kleverman  and  H  G  Grimmeiss  1996  Semicond.  ScL  Techno!.  11 

[2]  W  Gehlhoff,  P  Emanuelsson,  P  Omling  and  H  G  Grimmeiss  1 993  Phys.  Rev.  B  47(1 2) 
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The  excitation  spectra  for  the  Au  and  Pt  acceptors  in  silicon  have  been  studied  by  Fourier  transform  infrared 
spectroscopy  including  uniaxial-stress  perturbations.  The  resonance-like  doublet  structure,  previously  attributed 
as  the  2p’  line  Coulombic  line,  is  interpreted  as  the  lS3/2(rg)  phonon-assisted  Fano  resonance  involving  the  T 
zone-center  phonon.  The  acceptor  deformation  potentials  b  and  d  for  the  Au  and  Pt  1  S3/2(rg)  state  are  in  close 
agreement  with  those  previously  determined  for  the  shallow  B  acceptor.  Stress-induced  preferential  alignment 
effects  are  revealed  for  both  centers.  The  doublet  structure  is  shown  to  be  due  to  crystal-field  splitting  of  the  1 S3/ 
2(rg)  Coulomb  state. 


•  284  •  Programme  and  abstracts  book 


POSTER! -63 


DETECTION  OF  TWO  CONFIGURATIONS  OF  THE  COPPER-PAIR 
RELATED  CENTERS  IN  SILICON 


A.A.Istratov.  J.Kriiger,  C.Flink,  H.Hieslmair,  E.R.Weber 

Department  of  Materials  Science,  University  of  California,  Berkeley,  CA  94720- 1760,  USA 

Keywords:  copper,  silicon,  DLTS,  photoluminescence 

It  is  well  known  that  copper  in  silicon  precipitates  almost  completely  during  cooling  from  high  temperatures. 
However,  a  cprtain  fraction  of  copper  can  remain  in  an  electrically  or  optically  active  state.  Recently,  Erzgraber 
and  Schmalz  established  a  good  quantitative  correlation  between  the  amplitude  of  the  DLTS  peak,  corresponding 
to  the  deep  level  at  Ev+0.09  eV,  and  the  amplitude  of  a  photoluminescence  line  at  1 .015  eV,  previously  identified 
as  the  luminescence  of  isoelectronic  copper  pairs. 

In  this  paper,  the  results  of  deep  level  transient  spectroscopy  (DLTS)  and  photoluminescence  (PL)  studies  of  the 
thermal  instability  of  the  Cu-pair  related  center  within  several  hours  after  rapid  quench  are  reported.  Copper  was 
diffused  in  float  zone  p-Si  samples  at  600^C.  DLTS  studies  revealed,  that  the  concentration  of  Cu-pair  level 
decreased  with  time  after  quench  and  stabilized  at  a  level  of  70-80%  of  the  initial  concentration.  The  remaining 
concentration  of  the  center  was  quite  stable  up  to  temperatures  of  150°C,  as  it  was  reported  earlier  .  The  time 
dependence  of  the  decay  could  be  approximated  by  an  exponential.  The  time  constant  of  the  decay  depended 
both  on  the  temperature  and  on  electric  field  in  the  space  charge  region  and  was  of  the  order  of  several  hours  at 
the  room  temperature.  The  activation  energy  of  the  process  of  thermal  dissociation  and  the  dependence  of 
dissociation  rate  on  electric  field  were  studied. 

The  coexistence  of  stable  and  unstable  components  at  room  temperature  was  confirmed  by  PL  measurements. 
When  measured  immediately  after  the  quench,  the  Cu-pair  related  line  in  the  PL  spectra  had  a  double  structure 
with  the  energy  difference  between  peaks  of  about  0.8  meV.  After  24  h  room  temperature  anneal,  the  double 
structure  became  far  less  pronounced,  and  the  overall  intensity  of  the  PL  line  decreased.  These  experimental 
facts  indicate,  that  at  least  two  nonequivalent  configurations  of  copper-pair  related  centers  exist,  which  can  not 
be  resolved  by  standard  DLTS,  but  are  detectable  by  PL.  The  possible  models  of  the  center  are  discussed, 
including  the  pairing  of  substitutional  and  interstitial  copper  atoms  and  pairing  with  an  unknown  defect  X  with 
the  formation  of  complexes  CuCuX. 

‘  H.B .Erzgraber,  K.Schmalz,  J.Appl.Phys.  78,  4066  (1995). 

2  J. Weber,  H.Bauch,  R.Sauer,  Phys.Rev.  B25, 7688  (1982). 

^  S.Koveshnikov,  Y.Pan,  H.Mollenkopf,  Electrochem.Soc.Proc.,  96-13,  473  (1996). 
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Isolated  interstitial  3d  transition  metals  (TM)  are  very  mobile  in  silicon,  forming  complexes  with  both  shallow 
and  deep  acceptors.  EPR  experiments  have  shown  that  some  of  these  pairs  are  aligned  along  the  ( 1 1 1 )  direction, 
with  a  substitutional  acceptor  and  a  TM  impurity  in  a  nearby  interstitial  site.  It  has  been  suggested  that  an  ionic 
model  (in  which  the  complex  is  formed  by  a  positively  charged  TM  ion  at  the  nearest  tetrahedral  interstitial  site 
(Td)  to  a  substitutional  negatively  charged  acceptor  ion)  may  describe  the  EPR  parameters  of  copper-TM  centers 
in  silicon,  as  it  been  suggested  for  gold-TM  centers. 

In  this  work,  we  report  theoretical  investigations  of  the  chemical  trends  in  the  electronic  properties  of  transition 
metal  impurity  pair  complexes  in  a  silicon.  Self-consistent  spin- unrestricted  electronic  state  calculations  have 
been  carried  out  for  the  substitutional  copper-3^/  interstitial  transition  metal  pairs,  using  a  cluster  model. 

The  Fermi  hyperfine  contact  fields  at  Cu,  TM  and  silicon  nuclei  have  been  evaluated  and  compared  with  the 
experimental  results,  as  well  as  the  Mott-Hubbard  energies.  The  analysis  of  the  one-electron  energy  spectra  of 
CusCrj,  CusMnj  and  CusFej,  lead  to  the  conclusion  that  the  stable  pairs  in  trigonal  symmetry  are  formed  by  a 
covalent  mechanism  which  includes,  besides  copper  and  theTM  impurities,  also  the  silicon  neighbors.  Therefore, 
the  electronic  and  magnetic  properties  of  the  pairs  are  related  to  molecular  orbitals  spread  out  over  the  entire 
cluster  rather  than  being  derived  from  the  interactions  between  two  localized  magnetic  centers. 
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It  has  been  shown  recently  that  interaction  between  interstitial  carbon  and  hydrogen  during  the  annealing  of 
crystalline  silicon  at  temperatures  in  the  range  400-600°C  leads  to  the  formation  of  an  unusually  stable  C-C-H 
complex,  responsible  for  the  T-line  luminescence  system  [1].  One  of  the  characteristic  features  of  this  centre  is 
that  it  includes  a  split  interstitial  C-C  structure  which  is  totally  different  from  the  known  configurations  of  the  di¬ 
carbon  centre  and  is  expected  not  to  be  stable  without  the  presence  of  a  hydrogen  atom.  The  work  reported  here 
is  concerned  with  another  stable  form  of  di-carbon  hydrogen  centre  which  has  a  configuration  different  from  the 
T-centre. 

We  present  the  results  of  photoluminescence  investigations  on  the  carbon-hydrogen  centre,  which  is  created  in 
irradiated  silicon  after  annealing  at  temperatures  above  300°C,  with  a  principal  zero-phonon  transition  at  760.8 
meV  (M-line).  Analysis  of  local  vibrational  modes  and  their  C-isotope  shifts  suggests  that  this  centre  is  created 
by  the  interaction  between  a  hydrogen  atom  and  the  di-carbon  centre  responsible  for  the  969.5  meV  (G-line) 
luminescence  system.  The  two  centres  are  shown  to  have  similar  carbon-related  local  mode  associated  with  an 
atomic  structure  which  is  involved  in  both  defects  and  remains  unperturbed  by  hydrogen  in  the  M-centre. 
Temperature-controlled  measurements  suggest  that  the  M-form  has  higher  total  energy  than  the  T-form.  Uniaxial 
stress  and  magnetic  field  measurements  show  that  the  M-centre  has  triclinic  symmetry,  which  is  lower  than  the 
monoclinic  I  symmetry  of  the  G-centre.  The  detailed  analysis  of  external  field  perturbation  measurements  also 
suggests  that  the  M-centre  creates  deep  acceptor  level  (-/O)  at  Ec  -  0.37  eV. 

[1]  A.N.Safonov,  E.C.Lightowlers,  G.Davies,  P.Leary,  R.Jones  and  S.Oberg  (1996)  Phys.  Rev.  Lett.  77  4812. 
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Fano  resonances  occur  when  a  discrete  state  interacts  with  a  continuum.  In  silicon,  Fano  resonances  are  especially 
well  known  for  the  chalcogen  donors,  where  the  discrete  state  is  an  electronic  state  plus  a  well  defined  phonon, 
and  the  continuum  is  the  electronic  ionisation  continuum.  In  this  paper  we  report  the  existence  of  a  novel  Fano 
resonance  in  a  luminescence  band.  The  luminescence  band  has  its  zero  phonon  line  at  991  meV,  and  a  vibronic 
continuum  produced  by  coupling  to  a  broad  spectrum  of  lattice  modes.  The  resonance  is  observed  at  980  meV, 
in  the  part  of  the  vibronic  band  involving  low  energy  acoustic  modes.  The  band  is  created  in  hydrogenated 
Czochralski  silicon  which  has  been  irradiated  and  annealed  at  temperatures  greater  than  500  C.  The  temperature 
dependence  data  show  one  weakly  bound  particle. 

The  considerable  size  of  the  resonance  allowed  us  to  examine  the  effects  of  uniaxial  stress  perturbations  and 
Zeeman  perturbations  on  the  Fano  resonance  as  well  as  the  zero  phonon  line  of  the  centre.  The  zero  phonon  line 
splits  into  2,  3,  and  4  components  under  001,  11 1,  and  110  stresses,  possibly  indicating  trigonal  symmetry.  The 
resonance  follows  a  veiy  similar  behaviour  to  the  zero  phonon  line  in  both  the  uniaxial  stress  and  Zeeman 
perturbations  except,  intriguingly,  the  lineshape  of  the  resonance  can  be  modulated  by  uniaxial  stresses  along 
the  110  axis. 
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Electron  irradiation  (2.5  MeV)  of  silicon  Cz-crystals  heated  in  the  range  200-350°C  during  irradiation  has  been 
performed.  Infrared  absorption  studies  of  the  crystals  reveal  that  besides  the  appearance  of  the  well-known 
absorption  bands  related  to  different  vacancy-oxygen  complexes,  bands  at  about  1012  and  1060  cm  grow  up. 
These  bands  have  recently  been  assigned  to  the  oxygen  dimer.  The  dose  and  temperature-dependance  of  the 
growth  of  these  bands  will  be  presented  as  well  as  a  kinetic  model  for  dimer  formation. 
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FORMATION  OF  ULTRASHALLOW  DONORS  IN  SILICON  BY  LONG¬ 
TERM-ANNEALING  AT  470°C 
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Czochralski-grown  and  phosphorus-doped  (-2-10  silicon^ |amples  with  concentrations  of  interstitial 

oxygen  and  substitutional  carbon  atoms  of -7-10  cm  and  ~2*  10  ^^cm  respectively,  have  been  annealed  at 
470  °C  in  inert  ambients  (nitrogen  and  argon)  for  durations  between  1  h  and  500  h.  The  samples  were  subsequently 
characterized  by  Fourier  transform  infrared  absorption  measurements  ,  phototheimal  ionization  spectroscopy, 
and  various  electrical  techniques  such  as  four  point  probe  resistivity  measurements,  admittance  spectroscopy 
(ADSPEC),  thermally  stimulated  capacitance  measurements  (TSCAP),  capacitance-voltage  measurements  and 
deep  level  transient  spectroscopy.  An  increasing  concentration  of  free  carrier  electron|  is  o|>served  at  room 
temperature  with  increasing  anneal  time,  reaching  an  almost  constant  value  gf  -8-10  cm  after  -25-50  h. 
ADSPEC  and  TSCAP  measurements  performed  at  frequencies  from  1 0  to  1 0  ^  Hz  for  temperatures  between  1 4 
and  300  K  revealed  the  presence  of  ultrashallow  donors  with  level  positions  gradually  shifting  from  -35  meV  to 
-25  meV  below  the  conduction  band  edge  as  a  function  of  annealing  time.  The  data  indicate  that  the  donors  are 
initially  of  double  character  and  then  become  single  ones  at  long  enough  anneal  times.  The  samples  were  examined 
both  in  the  near  surface  region  (<  1  pm)  and  also  at  larger  depths  (~  15  pm)  after  chemical  etching,  and  within 
the  experimental  accuracy  no  variations  in  the  concentration  and  energy  position  of  the  donors  were  observed. 
The  donor  complexes  are  most  likely  oxygen-related  but  not  of  the  same  origin  as  the  so-called  shallow  thermal 
donors  (STD’s)  reported  by  Navarro  et  all  [1]. 

endabstract 

[I]  H.  Navarro,  J.  Griffin,  J.  Weber  and  L.  Genzel  1986  Solid  State  Commun.SS  151 
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INFLUENCE  OF  THE  Li  CONCENTRATION  IN  THE 
PHOTOLUMINESCENCE  SPECTRA  OF  NEUTRON-IRRADIATED 
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CENTERS. 
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Li-related  defe\:ts  in  silicon  have  received  considerably  attention  due  to  the  ability  of  Li  as  passivator  of  defects 
and  deep  level  impurities  [1,2].  Furthermore  its  high  diffusiveness,  even  at  room  temperature,  makes  it  an 
efficient  impurity  for  being  used  in  silicon  devices  [3].  In  this  work  we  investigate  the  passivation  of  centers 
formed  by  annealing  in  neutron-irradiated  Li-doped  silicon  crystals  through  photoluminescence.  The  feasibility 
of  this  technique  for  detecting  passivation  processes  is  also  analysed.  In  the  present  case  quantitative  estimates 
were  done  by  comparing  the  luminescence  intensity  [4]  of  different  centers  some  of  which  are  not  passivated  by 
Li  atoms. 

17-2- 

The  study  has  been  performed  on  several  neutron -irradiated  (ndose=10  cm  )  floating  zone  and  Czochralski 
silicon  crystals  with  Li  concentrations  ranging  from  10  to  10  cm  .  The  centers  were  created  by  successive 
isochronal  annealing  from  room  temperature  to  600  ^C.  The  passivation  processes  as  well  as  the  formation  of 
centers  involving  Li  atoms  were  analysed  through  the  dependence  of  the  photoluminescence  spectra  with  the  Li 
concentration.  As  a  result  it  is  shown  that  the  C  center  (789.6  meV)  associated  with  carbon  and  oxygen  interstitials 
[5]  is  efficiently  passivated  at  room  temperature  by  Li.  However  there  are  centers  such  as  II  (1018.2  meV)  or  13 
(1039.8  meV)  [5]  which  are  not  passivated  by  Li,  and  thus  they  can  be  used  as  probes  for  quantitative  analysis. 
Interestingly,  other  centers  formed  at  higher  annealing  temperatures  such  as  the  M  center  (760.9  meV)  [5]  or 
that  responsible  for  lines  D1  and  D2  at  1108  meV  and  related  to  the  <1 1 1>  split  interstitial  by  Minaev  et  al.  [6], 
are  also  passivated  by  Li.  A  survey  of  these  results  will  be  given  at  the  Conference. 

[1]  E.  6.  Sveinbjomsson,  S.  Kristjansson  and  H.P.  Gislason,  J.  Appl.  Phys.  77,  3146  (1995) 

[2]  L.T.  Canham,  PhD  Thesis,  University  of  London  (1983) 

[3]  K.  Winner  and  R. A.  Street,  J.  Appl  Phys.  65,  2272  ( 1 989) 

[4]  P.McL.  Colley  and  E.C.  Lightowlers,  Semicond.  ScL  TechnoL  2,  157  (1987) 

[5]  G.  Davies,  Phys.  Rep.  176,  83  (1989)  and  references  therein 

[6]  M.S.  Minaev,  A.V.  Muddryi  and  V.D.  Tkachev,  Phys.  Stat.  Sol  (b)  108,  k89  (1981) 
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The  nature  of  the  fast-diffusing  species  (FDSg)  responsible  for  the  enhanced  oxygen  in-  and  out-diffusion  at  T  < 
700  °C,  formation  of  thermal  double  donors  (TDDg),  etc.  continues  to  be  one  of  the  main  puzzles  in  the  problem 
of  oxygen  diffusion  and  clustering  in  silicon  at  elevated  temperatures  [1].  Various  kinds  of  FDSg  have  been 
suggested  including  complexes  of  oxygen  with  an  intrinsic  defect  or  impurity  (e.g.  hydrogen),  quasi-free  or 
unbonded  oxygen  atoms,  oxygen  molecules  or  dimers.  In  present  paper  we  have  re-examined  previous  studies 
in  this  field.  The  limits  for  the  possible  quasi-equilibrium  concentration  and  diffusivity  of  FOSg  are  estimated.  It 
is  shown  that  none  of  the  suggested  models  can  explain  consistently  all  the  experimental  findings. 

We  report  also  new  information  about  some  FDS  characteristics.  The  data  are  obtained  from  the  careful  studies 
of  the  TDD  generation  kinetics  in  Si  crystals  with  different  oxygen  and  carbon  content.  An  analysis  of  the  data 
has  led  us  to  the  conclusion  that  not  only  dimers  [2,3],  but  other  small  oxygen  complexes  (trimers  and  the  first 
TDD  species)  are  mobile  as  well  and  they  should  contribute  to  the  successive  formation  of  thermal  donors, 
enhanced  oxygen  mass-transport,  formation  of  the  TDD  depleted  layers,  etc.  It  is  argued  that  the  high  migration 
ability  of  trimers  and  the  first  TDD  species  can  be  associated  with  their  bistability. 

[1]  R.  C.  Newman  and  R.  Jones,  in  Oxygen  in  Silicon,  Semiconductors  and  Semimetals,  Vol.  42,  ed.  by  F. 

Shimura  (Academic  Press,  San  Diego,  1994),  p.  289. 

[2]  L.  I.  Murin  and  V.  P.  Markevich,  in  Early  Stages  of  Oxygen  Precipitation  in  Silicon,  Proc.  NATO  Advanced 
Research  Workshop,  ed.  by  R.  Jones  (Kluwer  Academic  Publishers,  Dortrecht,  1996),  p.  329. 

[3]  L.  I.  Murin  and  V.  P.  Markevich,  in  Shallow-Level  Centres  in  Semicond.,  Proc.  7th  Intern.  Conf.,  ed.  by  C.A.J. 
Ammerlaan  and  B.Pajot  (World  Scientific,  Singapore,  1997),  p.  339. 
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The  concept  of  pseudo-donors  is  occasionally  used  in  conjunction  with  excitation  spectra  of  deep  centers  in 
semiconductors.  We  will  discuss  the  pseudo-donor  model  for  deep-level  spectra  in  silicon  for  which  the  transitions 
take  place  from  a  deep  ground  state  to  shallow-donor  states.  The  pseudo-donor  model  originates  from  studies  of 
bound  excitons  and  in  that  case  the  hole  is  considerably  more  strongly  bound  than  the  electron  a  shallow  donor 
like  spectrum  may  be  observed.  In  this  case,  the  first  manifold  of  excited  states  contains  all  six  Is  states  whereas 
for  shallow  donors,  for  which  usually  one  of  the  Is  states  is  the  ground  state,  only  five  or  fewer  Is  states  are 
expected  close  to  the  1  s  EMA  position.  The  criteria  for  a  center  to  be  a  pseudo-donor  is  then  simply  that  transitions 
to  all  six  Is  states  are  observed  in,  e.g.,  the  excitation  spectrum.  Transitions  to  all  six  Is  states  have  been  observed 
for  several  deep  donors  in  silicon.  It  will  be  argued  that  it  is  due  to  their  deep-ground  states  non-Coulombic 
origin  and  that  the  pseudo-donor  model  is  not  applicable  for  these  centers. 
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Key  Words;  Si.  oxygen,  shallow  thermal  donors,  IR  electronic  absorption,  EPR 

Heat  treatment  of  CZ  silicon  atT-  470°C  leads  to  the  formation  of  shallow  thermal  donors  (STDs)  with  ionisation 
energies  of  36  meV  that  are  detected  by  infrared  (IR)  absorption  from  their  electronic  transitions  (T  10  K).  There 
is  evidence  that  these  centres  give  rise  to  an  EPR  spectrum  labelled  NLIO  ENDOR  measurements  reveal  2-3 
clustered  oxygen  (  "o)  atoms  in  the  defect  core,  together  with  an  A1  atom  in  some  of  the  defects.  Measurements 
show  that  a  hydrogen  (or  deuterium)  atom  can  be  present  instead  of  the  A1  atom,  while  there  is  circumstantial 
evidence  that  a  nitrogen  atom  may  be  present  instead  of  either  H  or  Al:  there  is  support  for  the  latter  proposal 
from  ab  initio  theory.  The  upshot  is  that  there  is  considerable  confussion  in  the  literature.  We  now  show  that 
three  types  of  STD  defects  can  form  leading  to  a  significant  clarification. 

We  show  first  that  IR  STD  spectra  from  annealed  Al-doped  samples  are  different  from  those  obtained  from 
hydrogenated  boron,  phosphorus  or  indium  doped  samples.  Secondly,  there  are  small  shifts  in  the  energies  of  the 
latter  STD  transitions  when  H  is  replaced  by  D.  If  hydrogen  is  introduced  into  Al-doped  material,  the  two  sets  of 
centres  STD(Al)  and  STD(H)  are  produced  simultaneously  (it  should  be  noted  that  Al-doped  crystals  may 
inadvertently  contain  hydrogen)  These  observations  therefore  provide  clear  links  to  the  NLl  0(A1)  and  NL  10(H) 
ENDOR  spectra.  Boron-doped  samples  pre-heated  (at  1 300°C)  in  N2  gas  and  then  annealed  at  550°C  reveal  a 
third  IR  STD  spectrum  (we  label  this  spectra  STD(N)  for  clarity).  However  STD(H)  defects  present  in  hydrogen 
contaminated  samples  dominate  the  IR  spectra  of  nitrogen-treated  samples  annealed  at  lower  temperatures  (470°C) 
(we  find  that  STD(H)  centres  are  not  stable  for  T  >  500°C)  While  no  nitrogen  ENDOR  has  been  detected  for  the 
NLIO  spectrum  from  nitrogen-treated  samples,  the  ^^Si  ENDOR  transitions  are  not  identical  with  those  found 
forNLlO(H)  orNLlO(Al) 

In  summary,  IR  spectra  reveal  three  distinct  families  of  STD  centres.  In  the  same  samples,  ENDOR  measurements 
clearly  distinguish  two  different  types  of  EPR  NLIO  spectra,  while  a  third  spectrum  shows  differences  in  the 
^Si  ENDOR  spectrum. 
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The  theoretical  analysis  of  the  influence  of  doping  of  Si  with  isovalent  impurities  (IVI)  on  the  diffusion  processes 
of  oxygen  was  performed.  The  approach  of  elastic  continuum  was  used  at  that.  The  deformative  character  of 
interaction  between  atoms  of  IVI  and  oxygen  was  shown  to  exist  in  silicon  doped  with  IVI.  In  particular,  this 
interaction  leads  to  the  decrease  of  potential  barrier  height  for  diffusion  of  interstitial  oxygen  in  silicon  doped 
with  germanium.  In  consequence  there  is  an  additional  diffusion  of  oxygen  atoms  in  the  direction  of  germanium 
atoms: Si20-quasimolecules  dispose  near  by  the  atoms  of  germanium. 

The  influence  of  overlap  of  deformation  fields  created  by  atoms  of  Ge  in  SilangleGerangle  on  the  oxygen 
diffusion  was  taken  into  account.  The  comparison  of  influence  of  doping  with  different  IVI  (carbon,  tin  and 
germanium)  on  the  processes  of  oxygen  diffusion  in  silicon  was  carried  out. 

The  obtained  results  were  used  for  description  of  influence  of  doping  with  germanium  on  the  relaxation  of 
dichroism  of  oxygen  in  SilangleGerangle. 
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Depending  on  the  thermal  treatment  octahedral  and/or  platelike  oxide  precipitates  are  formed  in  Czochralski 
grown  silicon  wafers.  Regarding  the  technological  importance  of  the  defect,  experimental  methods  to  determine 
the  content  of  oxygen  present  in  the  respective  precipitates  are  of  great  interest.  In  the  present  contribution  a 
procedure  is  presented  to  determine  the  amount  of  precipitated  oxygen  from  the  infrared  absorption  spectrum. 
Other  aspects  of  the  study  concern  composition,  density  and  microstructure  of  the  precipitates. 

17  -3 

p-  and  n-type  Si  wafers  with  interstitial  oxygen  (  Oj)  concentrations  of  (9-1  l)xlO  cm  were  subjected  to 
different  kinds  of  thermal  treatments.  FT-IR  measurements  were  made  at  300K  and  6K  (the  latter  for  the 
determination  of  O,  concentration  when  precipitate  bands  are  present).  Elimination  of  the  contribution  of  Oj 
from  the  300K  spectrum  resulted  in  the  spectrum  of  the  precipitates  only.  The  latter  consists  of  partially  overlapping 
bands  at  about  1110  and  1225  cm’  ,  generally  attributed  to  octahedral  and  platelike  precipitates  respectively. 

The  absorption  spectra  can  be  reconstructed  using  the  theory  of  absorption  of  light  by  small  particles,  only 
requiring  the  dielectric  functions  of  medium  and  particles^  ,  together  with  the  geometric  shape  of  the  latter. 
Octahedral  precipitates  were  approximated  by  spheres.  For  platelike  precipitates  Ae  radius  and  aspect  ratio  (the 
ratio  of  the  axes  of  the  spheroid)  were  calculated  using  Ham’s  diffusion  theory  and  the  optimal  aspect  ratio 
relation  from  Hu^,  respectively.  Simulations  of  platelike  particles  were  performed  on  a  set  of  dielectric  functions 
and  the  positions  of  the  band  maxima  were  compared  with  the  experimental  ones,  resulting  in  only  one  acceptable 
candidate. 

As  a  result  an  empirical  relation  was  obtained  between  the  amplitudes  of  the  absorption  bands  and  the  oxygen 
content  of  each  kind  of  precipitate.  Agreement  within  10%  with  the  amount  of  oxygen  lost  during  thermal 
treatment  was  obtained  for  an  extended  set  of  samples.  It  was  concluded  that  in  all  the  samples  the  majority  of 
precipitated  oxygen  was  found  to  be  in  the  form  of  octahedral  precipitates. 

+  presently  at  Wacker  Siltronic  AG,  P.O.  Box  1 1 40,  D-84479  Burghausen,  Germany 

1  C.F.  Bohren  &  D.R.  Huffman,  Absorption  and  scattering  of  light  by  small  particles,  John  Wiley  & 
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2  F.S.  Ham,  J.Phy s.  Chem.  Solids  6,  335  ( 1 958) 

3  S.M.  Hu,  Appl.  Phys.  Letters  48,  1 15  (1986) 
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The  investigation  of  influence  of  doping  of  Si  with  germanium  (<1  %)  on  the  processes  of  oxygen  diffusion  and 
precipitation  at  the  thermal  treatment  T=450°C  was  performed.  The  relative  loss  of  oxygen  in  the  samples  of 
SilangleGerangle  was  foui^d  to  depend  nonmonotonously  on  the  concentration  of  Ge  and  to  have  a  pronounced 
maximum  atNQe  «  3*  10  cm  . 

For  describing  of  the  process  of  oxygen  precipitation  in  SiGe  the  system  of  quasi-chemical  equations  has  been 
formed.  The  possible  channels  of  oxygen  loss  at  the  thermal  treatment  have  been  taken  into  consideration  including 
both  enhanced  oxygen  diffusion  and  the  decrease  of  the  capture  radius  of  oxygen  by  the  embryos  at  thermal 
donors  formation.  It  was  shown  that  enhanced  diffusion  of  oxygen  and  the  decrease  of  the  capture  radius  at 
annealing  lead  to  monotonous  decrease  of  the  oxygen  clasterization  rate. 

Earlier  it  has  been  shown  that  there  is  a  correlated  distribution  of  Ge  and  O  atoms  in  SiGe.  In  consequence  a  new 
type  of  thermal  donor  embryos  may  appear[l].  The  numerical  decision  of  the  system  of  kinetic  equations, 
composed  in  accordance  with  this  channel  of  oxygen  loss  on  formation  of  these  thermal  donor  embryos,  results 
in  the  nonmonotonous  dependence  of  the  relative  oxygen  loss  and  decrease  of  formation  efficiency  of  thermal 
donors  in  SilangleGerangle  at  the  thermal  treatment. 

The  comparison  of  theoretical  dependence  of  the  relative  loss  of  oxygen  and  thermal  donor  concentration  at 
thermal  treatment  of  SiGe  with  the  experimental  results  has  shown  a  satisfactory  conformity. 

[1]  L.I.Khirunenko,  V.I.Shakhovtsov,  V.V.Shumov  and  V.I.Yashnik  1996  In:  Early  Stages  of  Oxygen  Precipitation 
in  Silicon,  ed.  by  R.Jones,  Kluwer  Academic  Publishers,  397 
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Doping  silicon  with  Be  introduces  a  number  of  defects  which  have  been  previously  investigated  by  DLTS, 
infrared  spectroscopy,  photoluminescence  and  Raman  technique.  Spin  resonance  measurements  in  Be-doped  Si 
have  not  been  reported  to  the  best  of  our  knowledge.  Two  DLTS  levels  at  Bv+190  meV  and  Ev+440  meV  are 
ascribed  to  the  double  acceptor  levels  of  isolated  substitutional  Be.  In  accordance  with  this  an  acceptor  level  at 
Bv+19L9  meV  of  tetrahedral  symmetry  is  found  by  IR  spectroscopy.  The  ground  state  of  this  centre  is  split  by 
0.51  meV.  Another  defect  commonly  found  by  IR  spectroscopy  in  slowly  cooled  samples  is  a  trigonal  acceptor 
at  Bv+ 145.8  meV.  It  is  assigned  to  a  Be-Be  pair  defect. 

We  report  here  on  electric-dipole  spin  resonance  (EDSR)  measurements  at  24  GHz,  33  GHz,  and  60  GHz  of  Be- 
doped  Si.  This  variant  of  conventional  EPR  has  been  recently  used  to  investigate  Si  and  GaAs  doped  with  single 
acceptors  and  Si  doped  with  the  double  acceptor  Zn. 

Be  diffusion  into  silicon  was  performed  at  about  1200-  C  for  30  minutes  using  a  sandwich  structure  of  two  Be- 
plated  silicon  samples.  Si  crucibles  were  used  to  minimize  sample  contamination.  We  find  two  trigonal  spectra 
and  a  number  of  isotropic  lines  indicating  cubic  defect  symmetry.  One  of  the  trigonal  spectra  shows  a  rather 
peculiar  temperature  dependence  of  line  strength  and  line  width:  the  lines  increase  and  become  narrower  when 
the  temperature  is  increased  from  below  2  K  to  about  2.8  K,  where  the  maximum  line  strength  is  observed. 
Above  this  maximum  a  strong  decrease  and  broadening  is  observed,  which  cannot  be  explained  by  thermalisation 
of  the  ground  state  levels  alone.  For  this  spectrum  a  reasonable  fit  is  possible  with  effective  g-values  of  g//=2.59 
and  g_L~0>  so  that  it  should  not  be  easily  detectable  with  conventional  EPR.  The  origin  of  the  spectra  will  be 
discussed,  taking  into  account  a  possible  participation  of  foreign  atoms. 
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IMPURITIES  IN  SI 
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The  implantation  of  noble-gas  (NG)  ions  in  Si  results  in  the  formation  of  defects  centers  with  unexpected 
properties.  (1)  A  brief  300  °C  anneal  following  the  implant  results  the  appearance  of  sharp,  NG-dependent, 
photoluminescence  (PL)  bands.  (2)  The  bands  grow  at  the  expense  of  aQdefect-related  PL  center  at  1018  meV. 
(3)  The  centers  associated  with  the  1018  meV  line  as  well  as  the  He,  Ne,  Ar,  and  Kr  defects  have  trigonal 
symmetry,  but  the  Xe  defect  is  tetragonal  and  behaves  differently  under  stress.  (4)  After  a  450  °C  anneal,  all  the 
bands  are  replaced  by  a  broad  and  NG-independent  PL.  (5)  During  the  implant,  the  NG  impurities  diffuse  into 
the  bulk  considerably  deeper  ( -- 1  jim)  than  predicted  by  implantation  theory  30  A). 

Our  calculations  are  performed  in  molecular  clusters  at  the  ab-initio  and  approximate  ab-initio  Hartree-Fock 
(HF)  levels.  The  results  explain  at  least  qualitatively  all  the  key  features  of  NG-related  centers  and  imply  a 
unique  identification  for  the  1018  meV  band.  The  predictions  are  as  follows. 

(1)  Interstitial  NG  impurities  are  not  associated  with  the  PL.  Their  activation  energies  for  diffusion  are  large. 

(2)  NG  atoms  do  not  become  substitutional  but  are  strongly  repelled  by  vacancies.  This  suggests  an  unusual 
vacancy-enhanced  diffusion  mechanism. 

(3)  NG-divacancy  complexes  form  with  little  or  no  activation  energy  and  are  very  stable.  Their  calculated 
properties  make  them  excellent  candidates  as  the  defects  responsible  for  the  observed  PL. 

(4)  In  a  reconstructed  divacancy,  the  electron  affinity  of  the  6  Si  nearest  neighbors  to  a  NG  results  in  its  partial 
ionization.  While  this  ionization  is  too  small  to  result  in  covalent  bonding  for  He,  Ne,  Ar,  and  Kr,  the  trends 
show  that  Xe  is  likely  to  bind,  and  therefore  behave  differently. 

(5)  Vacancy  aggregates  larger  than  the  divacancy  cannot  be  responsible  for  the  observed  PL.  However,  the 
formation  of  a  ring-hexavacancy-NG  complex  could  nicely  explain  the  disappearance  of  the  PL  at  higher 
temperatures. 

(6)  The  1018  meV  PL  band  is  associated  with  the  neutral  divacancy. 
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The  group  II  impurities  Zn  and  Cd  in  silicon  have  been  extensively  studied  during  the  last  years.  The  electronic 
properties  have  been  determined  from  space  charge  and  Hall  measurements,  and  it  has  been  concluded  that  both 
atoms  occupy  in  their  isolated  form  a  regular  substitutional  site  and,  lacking  two  electrons  to  be  isovalent  impurities, 
they  act  as  double  acceptors.  Both  elements  show  a  pronounced  tendency  to  form  complexes  with  other  impurities. 
The  spatial  and  electronic  structure  of  isolated  Zn  and  Cd  is  under  discussion  as  the  corresponding  structure  of 
the  isolated  Pf  and  Au”  and  there  is  no  generally  accepted  model  for  the  defect’s  electronic  structure.  The 
number  of  electrons  in  the  3d  and  4d  orbitals  for  the  substitutional  Zn/Cd  (configuration  of  the  free  neutral  atom 
3d^^4s^/4d^Ss^ )  is  in  competition  with  the  sp^  hybridized  covalent  bonds:  3d  /4d  (Ludwig- Woodbury  model) 
or  3d^^/4d^^  with  two  bound  holes  in  the  covalent  bonds. 

Very  recently  the  deep  level  transient  spectroscopy  was  applied  to  some  radioactive  impurities  (DLTS-RI)  in 
silicon.  It  could  be  demonstrated  that  the  chemical  nature  as  well  as  the  number  of  probe  atoms  that  participate 
in  the  considered  defect  centres  can  be  identified  by  the  time  dependence  concentration  of  the  incorporated 
radioactive  impurities  and  their  daughter  elements.  The  DLTS-RI  method  was  also  applied  to  radioactive  In* 
atom,  a  standard  probe  atom  for  the  PAC-technique,  which  are  transmuted  into  stable  cadmium  atoms.  Besides 
2  Cd-induced  centres  that  contain  one  Cd  atom  each  and  a  FeCd-pair  the  singly  and  doubly  charged  state  of  the 
isolated  double  acceptor  could  be  identified  /!/.  In  spite  of  these  studies,  the  microscopic  structure  of  the  Cd- 
induced  centres,  which  is  often  revealed  by  means  of  electron  paramagnetic  resonance  (EPR)  spectroscopy,  is 
not  clear,  because  also  the  DLTS-RI  method  gives  no  direct  information  on  the  microscopic  structure  of  the 
centres  involved.  For  the  charge  state  Zn^’  /Cdg’  with  one  bound  hole  one  might  expect  EPR  or  electric-dipole 
spin  resonance  (EDSR)  spectra  analogous  to  those  observed  for  the  single  acceptors  B,  Al,  Ga  and  In  in  Si  /2/. 
However,  so  far  only  various  transitions  metal-Zn  pairs  have  been  identified  by  EPR  in  samples  with  corresponding 
co-doping  /3/.  Transition  of  isolated  Zn^'  were  not  found  up  to  now  141.  EPR-results  of  Cd-related  centres  were 
not  as  yet  published. 

In  this  paper  EPR  investigations  of  Cd-diffused  and  Cd-implanted  silicon  samples  are  reported.  Partly  the  same 
samples  like  in  /!/  were  used,  so  allowing  a  direct  comparison  of  the  EPR  and  DLTS-RI  results.  Two  Cd-related 
centres  labelled  Cd(l)  and  Cd(2)  were  observed.  The  Cd(l)  centre  shows  the  typical  cubic  angular  dependence 
of  the  fine  and  hyperfine  structures  of  a  Gg-state,  The  chemical  identification  of  the  Cd(l)-defect  is  based 
observed  hyperfine  structure  and  natural  abundance  (n.a.)  of  the  Cd-isotopes  with  non-zero  nuclear  spin  Cd 
(n.a.12,75%,  1=1/2)  and  ^^^Cd  (n.a.  12,26%,  1=1/2).  This  centre  Cd(l)  has  been  attributed  to  a  single  cadmium 
atom  in  the  negative  charge  state  on  a  tetrahedral,  probably  substitutional,  site.  From  the  angular  dependence  of 
the  spectrum  arising  from  Cd(2)  the  symmetry  is  determined  to  be  orthorhombic.  In  view  of  the  detected  hyperfine 
interaction  with  an  intensity  behaviour  similar  to  the  centre  Cd(l)  this  spectrum  is  attributed  to  a  single  Cd-atom 
or  a  complex  containing  one  cadmium  atom.  This  centre  is  tentatively  identified  as  a  Cd-B  pair. 


•  300  •  Programme  and  abstracts  book 


POSTER  2 


III  M.  Lang,  G.  Pensl,  M.  Gebhard  et  al.,  Materials  Science  Forum  83-87,  1097  (1992) 
121  A.  Kopf,  K.  Lassmann,  Phys.Rev  Lett.  69,  1580  (1992) 

/3/  H.  E.  Altink,  T.  Gregorkiewicz.  C.A.J.  Ammerlaan,  Solid  State  Comm.  75,  115  (1990) 
141 H.  Schroth  et  al.,  Proc.  ICPS-23,  Berlin  1996,  World  Scientific  1996,  Vol.  4,  p.2725 


Programme  and  abstracts  book  •  30 1 


POSTER! -80 


PERSISTENT  EXCITED  CONDUCTIVITY  INDUCED  BY  PROTON 

IRRADIATION  IN  A-SI:H 


12  2  2 

H.  Amekura,  ’  N.  Kishimoto  and  K.  Kono 

hsi,  Forschungszentrum  Juelich  (KFA),  D-52425,  Juelich,  Germany 
^National  Research  Institute  for  Metals,  3-13  Sakura,  Tsukuba,  Ibaraki  305,  Japan 

Keywords;  persistent  conductivity,  a-Si:H,  Staebler-Wronski  effect,  proton  irradiation 

Hydrogenated  amorphous  Si  (a-Si:H)  has  been  widely  used  for  solar  cells  and  optical  sensors,  etc.,  since  hydrogen 
passivation  has  succeeded  in  attaining  a  high  quantum  efficiency.  However,  a-Si:H  is  subject  to  the  so-called 
Staebler-Wronski  (SW)  effect,  i.e.,  strong  light  illumination  of  band-to-band  excitation  deteriorates  both  photo- 
and  dark  conductivity.  The  SW  effect  is  basically  explained  in  terms  of  defect  formation  due  to  electronic 
excitation. 

Recently,  it  has  been  proposed  [1]  that  a-Si:H  is  potentially  applicable  for  devices  under  strong  radiation  fields, 
e.g.,  for  reactors,  accelerators  and  spacecrafts.  Higher  radiation  performance  of  photoconductivity  than  crystalline 
Si  was  observed  for  a-Si:H  and  was  tentatively  ascribed  to  structural  flexibility  of  the  amorphous  structure.  High 
energy  ions  (E>  1  MeV/amu),  as  injected  into  a  semiconductor,  deposit  most  of  the  incident  energy  via  electronic 
excitation.  Only  a  small  amount  of  the  energy  is  partitioned  to  atomic  displacements.  In  this  context,  the  SW- 
like  effect  could  be  also  induced  by  high  energy  ions. 

In  this  point  of  view,  radiation-induced  conductivity  (RIC)  of  a-Si:H  induced  by  a  17  MeV  proton  beam  has 
been  studied.  The  RIC  is  quite  different  from  the  SW  effect,  which  is  actually  observed  before  the  proton 
irradiation,  under  visible  light  illumination.  During  the  proton  irradiation,  the  electric  conductivity  shows  a 
steep  rise  initially,  followed  by  a  gradual  rise.  After  terminating  the  irradiation,  the  conductivity  decays  but 
keeps  a  2  -3  orders  higher  value  than  the  unirradiated  one.  The  persistent  excited  conductivity  (PEC)  continues 
longer,  at  the  lower  temperatures.  At  T  =  200  K,  the  PEC  sustains  itself  over  30  hours  after  proton  irradiation  for 
1  minute.  The  PEC  disappears  after  annealing  at  T  =  450  K. 

The  PEC  is  different  from  the  typical  SW  effect  or  persistent  photoconductivity  observed  in  GaAlAs.  This 
phenomenon  is  supposed  to  be  newly  discovered  for  a-Si:H. 

[1]  N.Kishimoto,  H. Amekura,  K.Kono  and  T.Saito,  Proc.  MRS  Fall  Mtg.,  Dec.  1996. 
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Acoustic  phonon  spectroscopy  with  superconducting  tunnelling  junctions  provides  information  on  nanoscopic 
crystal  defects  with  sizes  corresponding  to  phonon  wavelengths.  This  was  first  shown  for  Ca — colloids  in 
electron — irradiated  CaF2  [1].  We  have  investigated  time — and  energy — resolved  phonon  scattering  in  heat — 
treated  Cz — silicon  with  high  and  low  carbon  content.  Long — term  annealing  around  750  °C  was  used  for 
nucleation,  short — term  annealing  above  1000  °C  for  growth  of  the  precipitates. 

Annealing  for  nucleation  results  in  strong,  broad — band  and  mainly  elastic  scattering.  Distinct  differences  between 
the  phonon  spectra  of  carbon — rich  and  carbon — lean  material  indicate  that  there  is  a  greater  amount  of  inelastic 
scattering  processes  in  the  latter  case,  which  could  be  caused  by  a  difference  in  the  structure  of  the  oxygen 
precipitates  or  their  related  defects.  After  subsequent  heat — treatment  above  1000  °C  we  find  resonant  phonon 
scattering  in  the  range  between  1  meV  and  4  meV  in  samples  with  high  carbon  content.  In  a  sample  that  has 
undergone  a  typical  “intrinsic  gettering”  thermal  cycling  with  pre — annealings  at  1100  °C+750  °C  and  three 
isothermal  annealings  at  1050  °C  for  intervals  of  30  minutes  the  phonon  transmission  spectra  show  a  series  of 
rather  narrow  absorptions  with  line  widths  of  about  0.6  meV.  These  resonances  slightly  change  their  positions 
and  line  form  after  the  second  anneal,  whereas  they  appear  to  be  unchanged  after  the  third  annealing.  If  these 
resonances  are  caused  by  the  excitation  of  geometric  eigenvibrations  of  oxygen  aggregates,  their  size  would  be 
expected  to  be  \  phon^^  «  3.9  nm  for  the  low — energetic  line,  which  remains  at  2.75  meV  after  annealing  for  1.5 
hours.  According  to  TEM  measurements  this  is  the  typical  thickness  of  platelet  precipitates,  which  occur  in  this 
temperature  range. 

We  compare  our  phonon  spectroscopic  results  to  the  precipitate — related  infrared  absorption  measured  at  3.5  K, 
which  also  allows  the  exact  determination  of  oxygen  and  carbon  contents.  The  oxygen  concentration  as  determined 
by  IR  spectroscopy  can  be  compared  to  the  value  obtained  from  the  strength  of  the  resonant  phonon  scattering 
by  the  low — energy  vibrational — rotational  transition  of  the  interstitial  oxygen. 

[1]  C  Wurster,  K  LaBmann  and  W  Eisenmenger,  1993,  Phys.  Rev.  Lett.  77,  3451 

[2]  C  Wurster,  E  Dittrich,  W  Scheitler,  K  LaBmann,  W  Eisenmenger,  W  Zulehner,  1996  Physica  B  219&220,  763 
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In  previous  studies  of  the  early  stages  of  oxygen  agglomeration  in  silicon  a  local  vibrational  Si-0  mode  was 
observed  at  889  cm’^  in  oxygen-rich  material  irradiated  with  electrons  and  in  oxygen-implanted  silicon.  The 
intensity  of  the  mode  was  found  to  increase  with  the  square  of  the  interstitial  oxygen  concentration  and^it  was 
arcued  that  the  defect  giving  rise  to  this  mode  contains  two  oxygen  atoms.  However,  coimplantation  of  O  and 
u  into  overlapping  profiles  only  produced  the  same  modes  as  those  observed  after  implantation  of  single 
isotopes.  Therefore,  if  two  oxygen  atoms  are  involved,  their  dynamic  coupling  must  be  weak.  The  defect  has 
tentatively  been  identified  with  VO2,  i.e.  a  vacancy  in  which  two  oxygen  atoms  saturate  the  four  dangling 
bonds.  This  identification  was  supported  by  al?  initio  cluster  calculations  which  showed  that  such  a  structure  is 
stable  and  that  the  dynamical  coupling  between  the  oxygen  atoms  indeed  is  weak.  No  direct  experimental 
information  on  the  symmetry  of  the  889  cm’^  center  has  been  presented  so  far,  and  the  microstructure  remains 
unidentified. 

In  this  work  the  response  of  the  889  cm’^  mode  to  uniaxial  stress  is  studied,  Silicon  crystals  with  dimensions 
2x2x10  mm^  were  cut  from  float-zone  or  Czochralskii  material.  The  float-zone  samples  were  implanted  with 
ions  at  several  energies  so  that  a  uniform  oxygen  concentration  oH  .5x10  cm  was  obtained  in  a  14  jxm 
thick  layer.  The  Czochralskii  samples  were  irradiated  with  5x10  crn'  electrons  at  2.5  MeV.  Subsequently,  all 
samples  were  annealed  at  330  for  30  min.  to  produce  the  889  cm"  center.  The  uniaxial  stress  measurements 
show  that  the  889  cm'^  mode  either  is  two-dimensional  and  originates  from  a  tetragonal  defect,  or  it  is  one¬ 
dimensional  and  belongs  to  an  orthorhombic-I  center.  Additional  information  has  been  obtained  by  stress-induced 
dichroism.  Uniaxial  stress  is  applied  at  -170  °C  and  subsequently  the  samples  are  cooled  to  room  temperature 
where  the  stress  is  removed.  Significant  dichroism  is  observed  for  uniaxial  stress  along  the  [100]  and  [110]  axes 
whereas  stress  along  the  [1 1 1]  axis  do  not  produce  any  dichroism.  This  is  consistent  with  tetragonal  symmetry 
(D2d),  but  inconsistent  with  orthorhombic-I  symmetry.  These  findings  provide  strong  support  to  the  assignment 
of  the  889  cm'^  mode  to  VO2. 
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The  bond-interstitial  oxygen  (Oi)  in  silicon  causes  the  absorption  bands  at  about  30  and  1100  cm  \  which 
comprise  four  and  three  lines,  respectively.  Due  to  the  coupling  between  the  bond-perpendicular  low-energy 
anharmonic  excitation  (LEAF)  and  the  bond-parallel  local  vibration  of  the  Oi,  the  energy  level  ladder  of  the 
LEAE  occurs  for  each  of  the  ground  and  the  first  excited  states  of  the  local  vibration.  This  energy-level  scheme 
well  explained  the  energies  and  intensities  measured  for  these  absorption  lines.  However,  the  strong  temperature 
dependence  of  the  line  widths  characteristic  of  these  absorptions  has  not  yet  been  described  theoretically. 

Since  available  experimental  data  are  insufficient  for  the  present  theoretical  study,  we  first  measured  temperature 
dependence  of  the  line  widths  for  the  range  4.2-70  K  with  a  maximum  resolution  of  0.01  cm  .  All  absorption 
lines,  having  Lorentzian  shape  and  overlapping  each  other  at  high  temperatures,  exhibited  strong  temperature 
dependence  of  the  line  width,  e.g.,  the  full  width  at  half  maximum  of  the  29.3-cm'  line  was  0.09  cm  at  4.2  K 
and  1.79  cm'^  at  62  K.  Below  20  K,  this  line  was  by  far  the  narrowest  of  all  lines. 

We  simplified  our  previous  model  for  the  local-vibration-coupled  LEAE,  and  took  into  account  the  coupling  of 
the  LEAE  to  the  host  lattice  phonons.  Thus  the  total  Hamiltonian  is  of  the  form 

[Local  vibration]  +  [LEAE]  +  [Host  lattice  phonons], 

where  +  indicates  the  coupling  terms.  By  means  of  the  one-particle  Green’s  function,  we  calculated  how  the 
coupling  to  the  host  lattice  phonons  causes  finite  width  to  the  absorption  lines  of  the  [Local  vibration]  +  [LEAE] 
system.  For  all  lines  in  the  30-  and  1  lOO-cm'*  bands,  the  observed  temperature  dependences  of  the  widths  were 
successfully  fitted  by  the  calculated  theoretical  curves  that  took  into  account  the  lowest-order  effect  of  the 
phonon  coupling.  This  revealed  that,  below  60  K,  the  line  widths  are  caused  by  the  direct  process  alone,  i.e.,  the 
transitions  by  one-phonon  emission  and  absorption  in  the  lower  and  the  upper  energy-level  ladders  of  the  LEAE. 
The  Raman  process  was  turned  out  to  be  negligible. 

In  the  present  formulation  of  the  coupling  to  the  lattice  phonons,  the  LEAE  was  assumed  to  interact  with  the 
displacements  of  the  two  adjacent  Si  atoms  which  are  reduced  to  the  Aig,  A2u»  Eg  and  Eu  representations  of  the 
D3d  group.  The  theoretical  fit  to  the  experiment  showed  that  the  Ajg-phonon  transitions  have  much  higher 
probabilities  than  the  others,  dominating  essential  features  of  the  temperature  dependence.  It  turned  out  that  the 
width  of  the  low-temperature  29.3-cm'^  line  is  caused  by  an  Ey-phonon  transition  with  very  small  probability. 
This  explains  the  anomalous  narrowness  of  this  line.  The  residual  width  of  the  1 1 36-cm  line,  0.6  cm  at  4.2  K, 
was  considered  to  be  due  to  other  temperature-insensitive  origin. 
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An  investigation  into  the  dynamics  of  transitions  among  muonium  (Mu)  states  reveals  distinct  differences  in  the 
behaviour  of  Mu  for  Ge  compared  to  Si.  Since  Mu  represents  an  experimentally  accessible  analog  of  isolated 
atomic  hydrogen  defects  in  semiconductors  these  results  provide  a  qualitative  picture  of  hydrogen  behaviour  as 
well.  At  high  temperatures  rapid  cyclic  electron  capture  and  ionization  lead  to  muon  spin  depolarization  from 
which  the  individual  transition  rates  can  be  obtained  and  the  active  Mu  state  identified.  Comparison  of  the 
charge-cycle  depolarization  results  with  low-T  rates  for  transitions  out  of  initially  formed  Mu  states  is  used  to 
establish  a  consistent  set  of  process  assignments.  The  emerging  picture  of  Mu  (or  H)  in  Ge  is  that  Mu  has 
nearly  the  same  energy  in  the  bond-centered  (BC)  and  tetrahedral  (T)  interstices  with  an  extremely  small  barrier 
to  site  changes.  In  silicon  Mu  %c  is  significantly  more  stable  than  Mu  j  and  the  barrier  ig  much  larger.  While 
bi-directional  site  changes  begin  near  lOOK  for  Ge,  a  small  prefactor  results  in  slow  Mu  site  changes  above 
200K  compared  to  the  charge — cycle  rates.  The  high — tenyerature  results  for  germanium  are  consistent  with 
this,  implying  separate  Mu  bc  ^Mu  and  Mu  x  "^^u  cycles.  In  contrast,  for  nearly  intriigsic  silicon  the 
charge — cycle  onset  is  near  400K  and  involves  a  more  complicated  three — step  cycle  with  Mu  visiting  both 
the  T  and  BC  locations  during  each  cycle.  This  three— state  cycle  appears  to  dominate  the  high— temperature 
muon  spin  depolarization  even  in  fairly  heavily  doped  n-type  silicon  where  other  cycles  may  also  occur.  Since 
Mu  \  is  far  more  mobile  at  all  temperatures  than  any  of  the  other  states,  we  conclude  that  hydrogen  diffusion  is 
controlled  by  transitions  into  and  out  of  this  mobile  state  for  both  Si  and  Ge,  but  that  the  details  differ  considerably. 
Possible  assignments  and  formation  processes  are  discussed  for  an  additional  diamagnetic  Mu  state  in  Ge  with 
a  binding  energy  of  0.75eV  which  is  slowly  formed. 
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Dislocations  in  semiconductors  are  electrically  active  and  their  motion  is  largely  affected  by  their  electronic 
states.  The  fact  that  hydrogen  passivates  electrically  active  centers  in  semiconductors  is  also  well  known.  To 
study  effects  of  hydrogen  on  dislocation  motion,  we  have  measured  the  velocity  of  dislocation  glide  motion  in 
phosphorus-doped  FZ-silicon  during  hydrogen  plasma  irradiation.  Dislocations  were  introduced  by  four-point 
bending  and  the  double  etching  method  was  used  to  measure  dislocation  velocity.  The  velocity  was  drastically 
promoted  under  hydrogen  plasma  by  a  factor  of  10  to  100  in  the  temperature  range  of  663-753K,  and  the 
activation  energy  of  dislocation  motion  was  reduced  to  1.2eV  from  the  value,  2,3eV,  in  the  dark.  There  are  two 
possibilities  responsible  for  such  enhancement.  One  is  so  called  radiation-enhanced  dislocation  glide  induced 
by  plasma  light.  The  other  is  that  hydrogen  actually  plays  some  roles  to  enhance  dislocation  motion.  In  order  to 
distinguish  both  possibilities,  we  have  done  similar  experiments  under  nitrogen  plasma  with  the  same  light 
intensity  as  hydrogen  plasma.  No  enhancement  of  dislocation  motion  was  observed  at  all.  Further,  spreading 
resistance  measurements  have  been  done  on  boron-doped  silicon  samples  that  were  exposed  to  hydrogen  plasma 
at  393K  in  the  bending  apparatus.  From  the  measured  depth  profile  of  resistivity,  it  was  found  that  hydrogen 
atoms  were  incorporated  up  to  about  1 0  \im  beneath  the  surface  to  passivate  boron.  This  assures  us  that  hydrogen 
atoms  were  incorporated  to  enough  depth  at  the  temperatures  where  dislocation  velocity  was  measured.  These 
results  clearly  indicate  that  hydrogen  enhances  dislocation  motion,  possibly  by  passivating  dangling  bonds 
existing  at  kink  sites  on  dislocation  core  to  reduce  the  activation  energies  of  kink  formation  and/or  migration. 
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In  this  contribution  we  present  the  observation  of  low-temperature  (<200  K)  enhanced  migration  of  aluminum 
atom  in  silicon  implanted  with  hydrogen.  The  conclusion  about  long-range  aluminum  migration  results  from  the 
detection  of  a  new  EPR  spectrum  (labelled  Si-AA15)  which  is  clearly  identified  as  a  defect  containing  Al-Al 
pair.  The  migration  of  A1  atom  occurred  in  our  experiment  at  T<200  K  can  not  be  a  normal  or  recombination- 
enhanced  migration  and  apparently  is  an  atomic  process  catalysed  by  hydrogen. 

For  EPR  study  aluminum  doped  (--SxlOIb  cm-3)  floating-zone-refined  silicon  samples  were  used  as  a  starting 
material.  Two  ways  for  hydrogen  introduction  into  samples  were  used:  a  proton  implantation  at  80  K  by  means 
of  a  cyclotron  ('-10  MeV)  as  well  as  a  heat-treatment  of  sample  at  T~'12000C  (30  min)  with  presence  of  water 
vapour,  quenched  to  room  temperature  and  subsequent  ?-particIes  irradiation  at  80  K.  The  AA15  spectrum  is 
appeared  after  annealing  of  sample  at  --200  K  and  anneal  out  at  300  K  for  both  way  preparation  of  samples. 

The  AA15  spectrum  can  be  described  as  arising  from  an  anisotropic  defect  of  Clh  symmetry  with  S=l/2.  The 
27  A1  (100%  abundant,  1=5/2)  hyperfine  interaction  clear  reveals  the  presence  of  two  nearly  equivalent  aluminum 
atoms  in  structure  of  AA15  defect.  From  analysis  of  the  27 A1  hyperfine  interaction  we  have  deduced  that  ~15  % 
resonant  wave  function  accounted  for  on  each  of  two  aluminum  atoms  and  it  is  definitely  of  a  s-nature:  45  %  3S 
and55%3R 

Second  new  EPR  centre  labelled  Si-AA16  with  S=l/2  containing  only  one  A1  atom  was  also  obtained  in  the 
same  samples.  The  AA16  centre  have  weakly  anisotropic  g-  and  A-tensors  (g=2.0035  and  a|  |  =823  MHz; 
A±=834  MHz)  and  is  stable  up  to  -200  K.  We  suggest  that  AA 1 6  centre  is  a  weakly  binding  aluminum-hydrogen 
pair  in  interstitial  position  (Al-H)i . 

The  AA  1 5  centre  can  be  formed  either  under  conditions  of  H-implantation  at  80  K  or  during  of  thermal  annealing 
up  to  200  K.  In  the  both  cases  it  is  necessary  to  conclude  that  long-range  migration  of  aluminum  atom  at  low 
temperature  is  required.  It  is  also  clearly  that  hydrogen  plays  an  important  role  when  the  AA15  centre  is  formed, 
since  this  centre  is  absent  in  Al-doped  (hydrogen  free)  samples  after  a-particle  or  electron  irradiation.  We  suggest 
that  aluminum  migration  takes  place  in  form  of  (Al-H)i  complex,  and  hydrogen  role  may  be  in  the  decrease  of 
thermal  barrier  for  migration  of  Ali ,  as  well  as  in  the  case  of  hydrogen  influence  on  the  oxygen  migration  [2,3]. 
Tentative  models  including  Al-Al  interstitial  pair  as  well  as  mechanism  of  hydrogen-enhanced  migration  will  be 
discussed. 

[1.]  G.D  .Watkins,  in  Radiation  Damage  in  Semiconductors,  edited  by  P.  Baruch  (Dunod,  Paris,  1964),  p.94. 

[2.]  R.C.Newman.  Materials  Science  and  Engineering  B36,  (1996),  1-12. 

[3.]  R,Jones,  S.Obergand  A.Umerski.  Materials  Science  Forum  Vol.  83-87  (1992),  p.551. 
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We  study  the  formation  of  a  complex  surface  defect,  the  clustering  of  Oxygen  atoms  at  the  hydrogenated  Si 
<1 11>  surface.  The  system  is  relevant  by  itself,  and  also  to  the  understanding  of  the  Si/Si02  interface  which  is 
one  of  the  most  investigated  in  the  field  of  semiconductors  because  of  its  fundamental  role  for  device  physics. 
Indeed,  it  is  often  speculated  that  the  final  interface  structure  may  depend  on  the  whole  dynamics  of  the  growth 
process,  and  thus  the  initial  stages  of  surface  oxidation  are  of  special  interest,  and  merited  extensive  experimental 
investigations.  Theoretical  studies  for  the  incorporation  of  monolayers  (or  fractions  of  monolayers)  can  be  handled 
in  the  usual  first-principles  supercell  approaches.  For  the  very  initial  stages,  however,  they  are  specially  difficult 
because  one  must  focus  on  isolated  surface  defects,  which  would  demand  unusually  large  supercells. 

We  present  a  study  of  the  hydrogenated  Si  <11 1>  surface,  under  exposure  to  atomic  Oxygen.  To  be  able  to 
perform  this  investigation,  we  use  a  semiempirical  Hartree-Fock  technique,  reparametrized  to  give  a  good 
description  of  structural  and  vibrational  properties  for  bulk  Si  and  quartz,  for  0-defects  in  Si,  and  for  small 
relevant  molecules  (MNDO/Crystal).  The  technique  allows  us  to  obtain  self-consistent  charge  rearrangements, 
total  energies,  and  vibrational  frequencies.  We  then  simulate  the  surface  though  cluster  models  (with  50  and  134 
atoms),  including  four  Si  layers,  with  the  surface  layer  saturated  by  Hydrogen  atoms,  and  terminated  on  the  back 
side  and  lateral  boundaries  by  Si  pseudo-atoms.  We  allow  relaxation  of  the  three  top  layers,  in  the  case  of  the 
free  Si-H  surface;  the  defect  is  then  studied  at  the  center  of  the  surface,  allowing  relaxation  of  up  to  second 
neighbors. 

We  find  that  subsurface  incorporation  at  the  bond-interstitial  site  is  preferred  over  a  surface  Si-OH  configuration, 
and  we  simulate  the  incorporation  of  one  up  to  three  subsurface  0-atoms,  thus  reaching  the  saturation  limit  of 
the  back  bonds  of  a  Si-H  unit.  We  obtain  Si-H  stretching  frequencies  within  a  few  percent  of  the  experimental 
values.  Our  results  support  the  experimental  assignments  in  that  we  find  a  mode  localised  at  the  surface  defect, 
that  shifts  to  higher  energies  with  the  number  of  subsurface  0-atoms.  We  obtain  a  very  definite  trend  in  the  total 
energy  of  the  defect  with  increasing  number  of  0-atoms  in  close  interaction,  which  allows  us  to  conclude  that 
the  initial  stages  of  oxidation,  for  the  H-Si  <11 1>  surface,  proceed  through  island  formation. 
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Various  kinds  of  secondary  defects,  such  as  swirls  and  voids,  were  observed  in  as-grown  Si.  They  were  considered 
to  be  generated  by  the  agglomeration  of  vacancies  and  interstitials.  It  is  indispensable  to  know  properties  of 
vacancy  and  interstitial  at  high  temperatures  in  order  to  understand  the  agglomeration  process.  Their  properties 
at  high  temperatures  such  as 

concentration  at  thermal  equilibrium  and  formation  energy,  however,  have  not  been  determined  yet.  In  the  case 
of  vacancies,  positron  annihilation  method  is  applicable  to  determine  their  concentration  at  high  temperature. 
Within  our  knowledge,  experimental  methods  applicable  to  determine  the  concen-  tration  of  interstitial  have  not 
been  reported  so  far.  We  have  reached  to  the  conclusion  that  the  optical  absorption  peak  at  2223  cm  observed 
in  proton-irradiated  Si  and  Si  grown  in  hydrogen  atmosphere  was  related  to  vibration  of  hydrogen  bound  to 
interstitial.  Hence  we  propose  that  properties  of  interstitial  Si  atom  can  be  determined  by  monitoring  the  above 
absorption. 

Si  crystals  were  grown  by  floating-zone  method  in  hydrogen  atmosphere  at  about  1  atm.  pressure.  Velocities  of 
crystal  growth  were  between  0. 1  to  3  rmm/min.  Two  kinds  of  specimen  holder  were  adopted,  namely,  a  carbon 
holder  and  a  metal  holder.  Their  optical  absorption  spectra  at  6  K  were  measured  with  the  use  of  a  FT-IR 
spectrometer. 

In  the  case  of  crystals  grown  with  the  use  of  carbon  holder,  many  optical  absorption  lines  included  2223  cm 
were  observed.  Those  lines  were  in  good  agreement  with  those  observed  in  proton-irradiated  specimens.  It 
means  that  those  lines  were  related  to  vibration  of  hydrogen  atoms  bound  to  simple  point  defects  like  interstitial 
and  vacancy.  In  the  case  of  crystals  grown  with  the  use  of  metal  holder,  those  lines  were  not  observed.  The 
difference  between  those  two  kinds  of  crystals  was  the  concentration  of  carbon,  being  high  in  the  former  crystal. 
Those  optical  absorption  lines  were  not  observed  even  the  concentration  of  carbon  was  high  if  tin  was  codoped 
around  1018  cm‘^.  We  propose  that  some  optical  absorption  lines  including  2223  cm  line  are  due  to  localized 
vibration  of  hydrogen  bound  to  interstitial  Si  based  on  Abe’s  proposal.  He  proposed  that  interstitial  Si  and 
vacancy  were  prevalent  when  crystals  were  doped  with  impurities  of  smaller  and  larger  covalent  radius  than  that 
of  Si,  respectively,  based  on  the  observation  that  swirls  of  interstitial-type  and  vacancy-type  were  developed 
depending  on  the  dopants  of  smaller  and  larger  covalent  radius,  respectively. 
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The  theoretical  understanding  of  the  interaction  of  H  with  TM  impurities  in  Si  is  complicated  by  the  existence  of 
many  possible  sites  for  H  with  almost  degenerate  energies.  Furthermore,  the  main  experimental  information  on 
the  defects  in  general  has  come  from  DLTS  measurements  which  have  not  yielded  either  the  composition  of  the 
defects  or  their  structures,i4^  initio  local  density  functional  theory  is  used  to  examine  the  structure  of  AuHn,  n  < 
4  defects  in  Si  with  both  anti-bonding  and  bond-centred  locations  investigated.  We  use  the  Slater  transition  state 
method  to  investigate  the  donor  and  acceptor  levels  and  these  are  compared  with  DLTS  investigations.  It  is 
shown  that  in  general  the  defects  possess  both  deep  donor  and  acceptor  levels.  However,  AUH3  does  not  possess 
any  deep  donor  levels  and  only  a  shallow  acceptor  level.  This  defect  may  be  identified  with  the  the  passivated 
Au-H  complex  previously  reported. 
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Defects  play  a  key  role  in  the  material  properties  of  virtually  all  semiconductor  devices.  Among  these, 
recombination  centres,  i  .  e  .  defects  that  can  exchange  charge  carriers  effectivelv  with  both  the  valence  and 
conduction  bands,  are  particularly  important  for  the  operation  of  solar  cells.  Despite  its  technological  importance, 
the  understanding  of  carrier  kinetics  at  recombination  centres  is  limited. 

An  experimental  techni4ue  (a  modified  version  of  the  Deep-Level  Transient  Spectroscopy,  DLTS)  has  been 
developed  which,  hy  combining  both  the  majority  and  minority  carrier  injection,  allows  deep  levels  to  he  filled 
hy  both  types  of  carriers  in  a  controlled  manner  and  thus  provides  a  convenient  technique  for  the  detection  and 
characterisation  of  recombination  centres  [1]. 

This  paper  gives  a  theoretical  description  of  this  technique  which  agrees  well  with  the  experimental  observations 
(Fig.  1).  This  theory,  in  turn,  provides  an  accurate  method  for  the  determination  of  both  minority  and  majority 
carrier  cross  sections  for  the  same  deep  level.  When  input  into  the  Shockley  -Hall-Read  statistics,  these  data  make 
it  possible  to  determine  the  minority  carrier  lifetime  and  predict  the  performance  of  semiconductor  devices,  in 
particular,  the  solar  cells.  It  will  be  shown  that  an  excellent  agreement  is  obtained  with  the  observed  solar  cell  data. 

[1]  T.  Markvart,  D.R  Parton,  J.W.  Peters  and  A.F.W.  Willoughby,  DLTS  of  recombination  centres  in 

semiconductors,  Materials  Science  Forum  143-147,  143  (1994);  D.R  Parton  and  T.  Markvart,  Recombination 
centres  in  solar  cells:  DLTS  study,  Proc.  12th  European  Solar  Energy  Conf.  (1994),  p.  520. 
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FREQUENCY  DEPENDENCE  OF  DEEP  IMPURITY  TUNNEL 
IONIZATION  IN  TERAHERTZ-FIELDS 


S  D  Ganichev  I N  Yassievich  **,  E  Ziemann  *,  Th  Gleim  *  and  W  Prettl  * 

*  Institut  fur  Experimentelle  und  Angewandte  Physik,  Universitat  Regensburg,  93040 
Regensburg,  GERMANY 

**  A  F  Ioffe  Physicotechnical  Institute,  Russian  Academy  of  the  Sciences,  St.  Petersburg, 

194021,  RUSSIA 

Key  Words:  tunnel  ionization,  terahertz  fields,  deep  impurities 

The  frequency  dependence  of  phonon  assisted  tunnel  ionisation  [1]  of  deep  impurities  by  terahertz  radiation  has 
been  observed  for  the  first  time.  The  emission  probability  increases  with  increasing  frequency  and  decreasing 
temperature.  The  dependence  of  the  ionization  probability  of  Hg  in  Ge  on  the  intensity  and  radiation  frequency 
has  been  investigated  for  wavelengths  between  35  pm  and  280  pm  and  temperatures  between  20  and  90  K.  At 
high  temperatures  the  rate  of  carrier  emission  is  independent  of  the  radiation  frequency  whereas  at  low  temperatures 
a  strong  dependence  on  the  photon  energy  has  been  observed. 

The  nonlinear  process  of  ionization  of  deep  impurities  in  high-frequency  electromagnetic  fields  shows  different 
types  of  frequency  dependences  in  two  limiting  cases:  tunnel  ionization  at  low  frequencies  and  multiphoton 
ionization  at  high  frequencies.  In  terahertz  range,  depending  upon  temperature,  radiation  frequency  and  intensity, 
both  processes  may  take  place.  For  high  frequencies  and  low  temperatures  the  approximation  of  a  static  electric 
field  is  no  longer  valid.  So  a  new  model  for  alternating  electric  fields  has  been  developed.  The  experimental 
results  have  been  analyzed  in  terms  of  this  new  model. 

[  1  ]  S  D  Ganichev,  I  N  Yassievich  and  W  Prettl  1 996  Semicond.  Sci.  Technol.  11  679 
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CHARGE  DISTRIBUTION  AND  OPTICAL  PROPERTIES  OF  F*  AND  F 
CENTERS  IN  KNBO3  FERROELECTRIC  CRYSTALS 


E.A.  Kotomin^  and  R.Eglitis®-^ 

"Institute  of  Solid  State  Physics,  University  of  Latvia, 8  Kengaraga,  Riga  LV-1063,  Latvia 
‘’Fachbereich  Physik,  Osnabr^ck  Universit%ot,D-49069  Osnabr^ck,  Germany 

Key  words:  point  defects,  theory,  electronic  structure,  optical  properties,  perovskites 

Perovskite-type  KNb03  crystals  have  numerous  electro-optic  and  non-linear  optic  applications.  As  the  temperature 
lowers,  KNbOs  undergoes  a  sequence  of  phase  transitions,  from  paraelectric  cubic  phase  to  ferroelectric  tetragonal 
(at  708  K),  then  to  the  orthorhombic(at  498  K),  and  lastly  to  the  rhombohedral  (at  263  K)  phase.  It  is  well 
understood  now  that  its  properties  are  considerably  affected  by  defects  and  impurities.  The  oxygen  vacancy,  Vq, 
is  quite  common  defect  in  many  oxide  crystals.  It  produces  two  kinds  of  electron  centers  called  F  and  F  (one 
and  two  electrons  trapped  by  Vq,  respectively). 

We  use  quantum  chemical  version  of  the  Hartree-Fock  method  known  as  the  Intermediate  Neglect  of  the 
Differential  Overlap  (INDO).  This  approach  has  been  applied,  and  very  successfully  to  calculations  for  many 
pure  and  defective  oxide  crystals,  including  MgO,  AI2O3,  Ti02.  To  avoid  a  problem  of  the  boundary  conditions 
well-known  for  a  cluster  model,  we  use  here  the  supercell  model  which  is  2x2x2  extension  of  the  primitive  unit 
cell,  i.e.  contains  40  atoms. 

To  simulate  the  F  center,  we  remove  one  of  O  atoms.  In  the  cubic  phase  all  O  atoms  are  equivalent  and  have  the 
local  symmetry  C4V  whereas  in  the  orthorhombic  phase  there  are  two  kinds  of  non-equivalent  O  atoms  whose 
symmetry  is  lower,  C2v  or  Cg.  After  the  O  atom  is  removed,  the  atomic  configuration  of  surrounding  atoms  is  re¬ 
optimized  via  search  of  the  total  energy  minimum  as  a  function  of  the  atomic  displacements  from  regular  lattice 
sites.  Calculation  of  the  adiabatic  energy  curves  for  the  ground  and  excited  state  permits  to  find  the  optical 
absorption  energy  (using  the  so-called  ASCF  procedure).  To  extend  the  basis  set  in  the  F-type  center  calculation, 
additional  Is,  2p  atomic  orbitals  were  centered  at  the  O  vacancy.  Their  parameters  were  chosen  close  to  those 
used  by  us  in  the  F  center  calculations  in  MgO, 

Because  of  the  C4V  local  symmetry  of  the  F-type  centers  in  the  kNb03  cubic  phase,  its  excited  state  splits  into 
two  levels,  one  of  which  remains  two-fold  degenerate.  Our  SCF  calculations  predict  the  two  relevant  absorption 
bands:  at  2.34  eV  and  2.66  eV  for  the  F"^  center  and  2.73  eV  and  2.97  eV  for  the  F  center.  Around  room  temperature, 
in  the  orthorhombic  phase,  there  exist  two  kinds  of  F-type  centers  associated  with  two  non-equivalent  O  atoms 
revealing  the  C4V  and  Cg  symmetry.  Their  absorption  energies  will  be  discussed.  The  electron  defects  similar  to 
what  we  have  calculated  here  differ  strongly  from  the  F  center  in  MgO  but  are  known  in  partly-covalent  Si02 
crystals  (e.g„  in  the  so-called  E’l  center  anelectron  is  also  not  localized  inside  Vq  but  sits  on  the  sp  orbital  of 
neighbouring  Si  atom). 
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EFFECT  OF  INTERCRYSTALLITE  BOUNDARIES  OF  TWO  TYPES  IN 
SEMICONDUCTORS-FERROELECTRICS  ON  THEIR 
THERMOPHYSICAL  PROPERTIES 

S.O.Kramarov,  T.K.Kusnetsova,  L.M.Katsnelson 

Rostov  State  Pedagogical  University,  Rostov-on-Don,  RUSSIA 

There  is  a  widespread  vien  that  the  nature  of  the  posistor  effect  in  semiconductors-ferroelectrics  can  be  explained 
by  the  presence  of  a  screening  layer  at  intercrystallite  boundaries.  This  is  described  fairly  convincingly  by  the 
Heywang  W.  theory  in  which  it  is  assumed  that  all  intercrystallite  bondaries  are  identical.  In  our  earlier  studies 
[1],  two  types  of  intercrystallite  boundaries  were  detected  in  some  ceramic  materials.  The  present  work  was 
devoted  to  studying  the  effect  which  said  boundaries  of  different  type  have  on  the  thermophysical  properties  of 
posistor  materials.  The  investigation  was  conducted  on  ceramic  samples  of  semiconductive  lead  ferroniobate 
titanate  [2]  prepared  by  a  special  technique.  In  view  of  the  fact  that  the  difference  in  the  type  of  boundaries  is 
determined  by  concrete  stages  of  sintering,  the  process  of  sintering  of  samples  was  interrupted  at  certain 
temperatures.  The  analysis  of  the  thermophysical  characteristics  (thermal  conductivity,  temperature  resistance 
coefficient  and  others  )  was  carried  out  in  the  300-600  K  range. 

The  following  dependences  of  the  thermophysical  parameters  were  studied: 

-  on  conditions  of  the  high-temperature  formation  of  ceramic  microstructure  (development  of  intergrain 
boudaries  of  various  types); 

-  on  nonstoichimetry  of  the  composition  in  regard  to  lead; 

-  on  defectiveness  of  the  starting  oxides  of  titanium,  niobium  and  iron. 

Possibilities  have  been  examined  of  varying  the  defectiveness  of  the  ferroceramic  structure  and  controlling  its 
thermophysical  properties  by  introducing  small  amounts  of  specially  selected  glass. 

[1]  S.O.Kramarov,  A.V.  Beliayev,  Yu.V.  Dashko  et.  al.  1 1  Ferroelectrics,  1989,  Vol.lOO.P,  101-1  10 

[2]  L.M.Katsnelson,  S.O.Kramarov?  T.K.Kusnetsova  II  Proceeding  of  Int.Conf.  on  Electronic  Components  and 
Materials  Sensors  and  Actuators  (China?  1995).  P.384. 
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PERIODICAL  HETEROPHASE  STRUCTURES  AND  AUTOSOLITONS  IN 

PHOTOFERROELECTRICS 


R.F.Mamin 


Kazan  Physical -Technical  Institute  of  Russian  Academy  of  Sciences,  Sibirsky  trakt  10/7, 

420029  Kazan,  Russia 

Key  Words:  photostimulated  phase  transition;  interphase  boundary,  autosoliton. 

It  is  known  that  the  periodical  domain  structure  arises  due  to  screening  effects.  In  this  report  it  is  demonstrated 
that  the  domains  of  autosoliton  kind  arise  in  photoferroelectrics  because  of  redistribution  of  electrons  on  trapping 
levels. 

The  properties  of  photostimulated  ferroelectric  phase  transition  are  determined  in  many  ways  by  the  mutual 
effects  of  the  electron  and  lattice  subsystems.  As  a  result,  the  width  of  the  band  gap  is  increased  due  to  spontaneous 
polarization,  and  there  is  a  shift  in  the  Curie  temperature  because  of  a  change  in  the  population  of  trapping 
levels.  Autosoliton  arises  when  a  singl  stationary  state  of  a  system  became  a  metastable  state.  The  task  had  been 
solved  for  one  dimensional  case.  The  existence  of  an  autosoliton  and  the  distribution  of  the  order  parameter  in  it 
are  directly  related  to  the  spatial  distribution  of  the  concentration  of  electrons  on  trapping  levels. 

Evolution  of  one — dimensional  autosolitons  can  give  rise  to  the  periodical  domainstructure  of  para —  and 
ferroelectric  phases.  This  structure  arises  when  a  singl  stationary  state  of  a  system  became  a  nonstable  state.  The 
period  of  this  structure  is  determined  by  electron  diffusion. 

When  there  is  the  oscillations  in  uniform  case,  the  autowave  regime  arises  in  one  dimension.  The  autowave  is  a 
periodical  domain  structure  of  para —  and  ferroelectric  phases  moved  with  the  constant  velocity. 

The  behavior  which  arises  is  associated  with  the  dinamics  of  the  ferroelectric— semicon-  ductor  as  a  whole  and 
is  an  an  example  of  synergistic  behavior. 
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SELF  ORGANIZATION  PHENOMENA  IN  FERROELECTRIC- 

SEMICONDUCTORS 


R.RMamin 
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420029  Kazan,  Russia 

Key  Words:  dynamic  regimes;  photostimulated  phase  transition;  interphase  boundary. 

The  properties  of  photostimulated  ferroelectric  phase  transition  are  determined  in  many  ways  by  the  mutual 
effects  of  the  electron  and  lattice  subsystems.  As  a  result,  the  width  of  the  band  gap  is  increased  through  the 
onset  of  a  spontaneous  polarization,  and  there  is  a  shift  in  the  Curie  temperature  because  of  a  change  in  the 
population  of  trapping  levels. 

There  is  a  closed  region  of  an  instability  of  the  ferroelectric  phase  in  the  temperature  -  illumination  intensity 
phase  space  of  this  system.  In  this  region  the  self-excited  oscillations  of  the  polarization  and  of  the  number  of 
electrons  in  trapping  levels  arise  in  uniform  case.  The  mechanism  for  the  self-excited  oscillations  can  be  described 
as  follows:  For  a  system  in  the  ferroelectric  phase,  the  pumping  leads  to  an  increase  in  the  number  of  electrons 
in  trapping  levels.  This  increase  lowers  the  phase  transition  temperature,  and  the  system  remains  in  the  paraelectric 
phase.  There  is  an  increase  in  the  probability  for  thermal  scattering  into  the  conduction  band,  and  the  trapping 
levels  became  emptied,  this  effect  results  in  an  increase  in  the  phase  transition  temperature  and  a  return  to  the 
ferroelectric  phase.  A  similar  picture  with  a  periodic  change  in  phase  during  illumination  has  been  observed  in 
proustite  (Ag3AsS3). 

In  one  dimension  case  the  autowave  regime  arise  in  the  instability  region.  The  autowave  is  a  periodical  domain 
structure  moved  with  the  constant  velocity.  In  one  dimension  case  the  autosolitons  can  arise  in  this  system  too. 
Within  the  scope  of  this  model  the  experimental  observation  of  oscillations  of  an  interphase  boundary  in  a 
system  with  a  temperature  gradient  have  been  described. 
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CREATION  OF  DEFECTS  ^^OC ALIZED  IN  VOLUME”  AS  A  METHOD 
FOR  STUDYING  MULTIAXIAL  FERROELECTRICS- 
SEMICONDUCTORS 

A. A.  Grekov,  S.O.  Kramarov  and  V.V  Borodina 
Rostov  State  Pedagogical  University,  Rostov-on-Don,  RUSSIA 

Key  words  :  ferroelectric,  semiconductor,  defect,  domain 


The  paper  summarizes  some  results  of  experiments  concerned  with  microindentation  of  single  crystals.  The 
complex  form  of  the  region  strained  under  a  local  mechanical  load  leads  to  defects  of  the  crystal  structure 
“localized  in  the  volume”.  They  may  be  represented  by  microcracks,  ferroelectric  and  ferroelastic  domains, 
rosettes  of  dislocation.  Deliberate  creation  of  such  defects  can  be  employed  as  a  specific  method  of  studying 
ferroelectric,  semiconductive  and  other  properties  of  real  crystals. 

For  example,  an  anomalously  extensive  growth  of  cracks  in  a-domain  BaTiOS  crystals  and  the  inversion  of  this 
phenomenon  depending  on  the  carrier  type  allows  one  to  analyze  the  screening  of  charged  twin  boudaries  effected 
by  the  majority  carriers  of  the  crystal  ^ .  When  examining  the  e-domain  BaTi03  single  crystals,  an  internal  90- 
domain  has  been  found  in  the  area  under  a  local  machanical  load  which  donor  reach  the  crystal’s  surface.  The 
formation  of  such  twin  is  characterized  by  the  relaxation  time  t  depending  exponetially  on  the  load  F.  A  change 
in  the  semiconductive  properties  of  the  crystal  (such  as  concentration  and  type  of^carriers)  and  other  alterations 
that  affect  its  field  of  space  charges  produce  a  shift  in  the  dependence  t(F)  .  This  fact  indicates  thatr  a 
semiconductive  subsystem  takes  in  the  process  of  the  90^  switching.  The  size  of  the  domain  wedges  formed  on 
the  surface  of  e-domain  BaTi03  crystals  under  the  action  of  remanent  mechanical  stresses  increases  exponentially 
with  the  time  of  illumination  by  photoactive  light  .  Plastic  processes  characteristic  of  local  defoliations  in  a 
PbTi03  crystal  ?o  on  in  form  of  microcracking,  twinning,  generation  and  motion  of  dislocations  .  It  has  been 
detected  that  the  illumination  of  e-domain  crystals  reduces  the  size  of  rosettes  of  dislocation  and  enhances  the 
crack  formation  around  the  indenter  impact ;  the  polar  charcter  of  this  process  has  been  ascertained. 

Thus,  the  study  of  dynamics  of  the  defects  localized  in  the  bulk,  allows  one  to  investigate  more  throughly  the 
processes  that  occur  in  real  crystals. 

1  A.A.  Grekov,  S.O.  Kramarov,  L.G.  Rozin,  V.V.  Borodina,  S.A.  Turik  (Russia)  and  J.R.  Anglada  (Cuba). 

Integrated  Ferroelectrics,  1994,  v  158.  pp.  73-79 

2  A.A,  Grekov,  S.O.  Kramarov  and  V.V.  Borodina,  ferroelectrics.  1994,  v  160,  pp.  165-176 
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MESOSCOPIC  SIMULATIONS  ON  LASER  ABLATION  OF  ZnO 
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Key  words  :  ZnO,  Pulsed  Laser  Deposition,  Theory 

Pulsed  laser  Deposition  is  a  technique  that  has  a  simple  experimental  setup  but  in  which  both  microscopic  and 
macroscopic  complex  phenomena  happen.  Therefore  it  is  very  difficult  to  develop  a  satisfactory  theory  for  the 
technique  which  explains  both  type  of  phenomena.  The  solution  may  be  in  mesoscopic  modeling,  in  which  one 
can  use  results  both  from  atomistic  and  macroscopic  models. 

Mesoscopic  simulations  were  performed  in  order  to  simulate  the  interaction  of  laser  radiation  with  a  ZnO  target 
with  sub-band-gap  energy.  The  target  was  assumed  to  be  homogeneous  except  in  places  such  as  grain  boundaries, 
where  there  is  a  great  concentration  of  absorbing  defects.  The  surface  was  also  assumed  to  have  a  greater 
absorbing  defects  concentration.  These  preferential  absorbing  places  accumulate  electrons,  which  will  also  absorb 
the  incident  radiation,  and  the  material  start  having  a  metal  like  behavior  near  the  grain  boundaries  and  the 
surface.  They  heat  up  much  faster  than  the  rest  of  the  material,  and  evaporation  starts  at  the'  grain  boundary. 
Differences  in  the  evaporation  rate  of  electrons  and  the  ionized  defects  generate  a  positive  electric  charge  in  the 
grain  boudaries.  This  positive  electric  charge  may  drive  electrons  from  the  bulk  of  the  material  towards  the  grain 
boundaries. 

The  strong  electric  fields  generated  by  the  electric  charges  accumulated  in  the  surface  and  at  grain  boundaries 
may  generate  large  stresses  by  means  of  the  piezoelectric  effect.  We  will  discuss  the  effect  of  such  electric  field 
on  evaporation  and  piezoelectric  of  ZnO. 
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A  very  small  shift  (of  the  order  of  0.01  cm’* )  of  the  frequencies  of  the  vibration-rotation  local  modes  of  ^^Ge^*^0 
and  ^°Ge2*^0  near  860  cm’*  has  been  systematically  observed  between  quasi -monoisotopic  Ge  and  Ge 
and  natural  Ge  (72.6  amu)  samples  when  measured  at  low  temperature  under  high  resolution.  The  shift  is  negative 
for  ^^Ge  and  positive  for  ^^Ge  and  it  can  be  detected  only  because  the  full  width  at  half-maximum  of  the  local 
modes  is  about  0.04  cm’  . 

This  effect  has  been  related  to  the  shift  of  the  phonon  frequency  spectra  in  natural  Ge  and  qmi  Ge  and  to  the 
shape  of  the  three-phonon  density  of  states  near  860  cm  .  Spectroscopic  data  showing  this  effect  ar|  presented 
and  a  modeling  of  the  interaction  is  discussed.  It  is  predicted  that  the  effect  should  not  occur  with  O. 
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IMPURITY  EFFECT  ON  DISLOCATION  DLTS  SPECTRA 
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Institute  of  Microelectronics  Technology  Russian  Academy  of 
Sciences  142432  Chemogolovka,  Moscow  district,  Russia 

The  influence  of  transition  metal  on  dislocation  electrical  activity  in  Si  crystals  was  studied  by  many  groups.  It 
was  shown  that  dislocation  interaction  with  transition  metals  can  essentially  influence  its  electrical  properties. 
But  some  results  of  such  investigations  are  controversial.  Besides,  very  small  atention  was  paid  to  the  dislocation 
electrical  property  formation  due  to  its  interaction  with  oxygen.  In  the  present  study  the  influence  of  different 
impurities  on  deep  level  spectrum  associated  with  dislocations  in  Si  has  been  studied  by  the  DLTS  method.  It 
has  been  shown  that  the  deep  level  center  concentration  in  the  same  samples  deformed  at  the  same  temperature 
using  the  deformation  cell  made  from  the  steel  is  essentially  higher  than  that  after  deformation  in  clean  conditions. 
It  seems  that  the  difference  observed  depends  on  oxygen  concentration  in  the  samples  under  study  being  smaller 
in  samples  with  the  higher  oxygen  concentration.  It  has  been  shown  that  dislocation  electrical  activity  depends 
on  its  pathway.  On  the  clean  dislocations  obtained  after  very  short  deformation  at  600°C  no  spectra  have  been 
revealed  by  the  DLTS  method.  But  the  spectra  can  be  observed  after  an  increase  of  deformation  duration  or  after 
subsequent  annealing.  It  has  been  shown  that  oxygen  presented  in  the  samples  as  well  as  contamination  by 
transition  metal  enhances  the  dislocation  activity  formation  during  its  motion  or  subsequent  annealing.  This 
results  show  that  the  electrical  properties  of  moving  dislocation  are  formed  mainly  by  gathering  impurities 
during  its  motion.  As  our  experiments  have  shown  oxygen  leads  to  the  increase  of  dislocation  related  DLTS 
spectra  only  in^the  crystals  with  not  very  high  oxygen  concentration.  In  the  crystals  with  oxygen  concentration 
higher  than  10  cm*  no  DLTS  spectra  have  been  observed.  In  our  opinion  the  absence  of  dislocation  DLTS 
spectra  in  highly  oxygen  doped  crystals  can  be  explained  by  the  increase  of  charge  space  region  radius  around 
dislocations  in  such  crystals  and  by  the  influence  of  electrostatic  barrier  formed  near  charged  dislocation  on 
filling  the  dislocation  related  centers  under  the  DLTS  measurements. 
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The  low  temperatures  mobility  saturation  and  the  negative  magnetoconductivity  in  a  nondegenerate  3D  electron 
gas  in  compensated  Ge  were  observed  and  shown  to  be  due  to  strong  and  weak  localization  effects. 

Ge  crystals  doped  with  deep  multiply  charged  impurities  and  compensated  with  shallow  donors  were  studied. 
The  Fermi  level  in  these  crystals  lies  deep  in  the  forbidden  band  and  at  low  temperatures,  T,  the  conductivity  is 
controlled  by  light  excitation  of  free  electrons  from  deep  centers.  In  this  case  the  electron  gas  in  the  conduction 
band  is  nondegenerate.  A  mobility  edge  for  conducting  electrons  should  exist  due  to  strong  charged  impurity 
scattering.  Near  the  mobility  edge  energy  the  electron  wavelength  should  be  of  order  of  mean  free  path.  This 
strong-localization  condition  can  be  easily  fulfilled  in  compensated  material.  In  our  crystals,  the  mobility  edge 
energy  can  exceed  mean  thermal  energy,  kT,  at  rather  high  temperatures  (up  to  60  K)  and  moderate  impurity 
concentration.  Due  to  Boltzman  distribution  function,  only  exponentially  small  number  of  electrons  in  the  narrow 
energy  band  of  order  of  kT  above  the  mobility  edge  should  give  the  main  contribution  to  the  conductivity  at  low 
T.  The  electron-electron  interaction  is  negligible  because  of  small  electron  concentration. 

The  mobility  edge  existence  is  confirmed  by  the  temperature  dependence  of  mobility  determined  from  classical 
magnetoresistance.  The  electron  mobility  turned  out  to  be  constant  at  T  below  some  threshold  value  and  to 
depend  weakly  on  charged  impurity  concentration.  The  saturated  mobility  value  appeared  to  be  inversely 
proportional  to  the  mobility  edge  energy  but  not  to  the  impurity  concentration. 

The  negative  magnetoconductivity  (NMC)  observed  in  the  range  of  classically  weak  magnetic  fields  was  due  to 
magnetic-field  suppression  of  quantum  corrections  to  the  conductivity.  The  electron- wave  dephasing  time  found 
from  initial  part  of  NMC  curves  coincided  with  the  acoustic-phonon  scattering  time.  The  dephasing  time  values 
were  of  two  orders  of  magnitude  more  than  the  mean  free  time  due  to  impurity  scattering.  The  saturated  values 
of  relative  NMC  depended  on  charged  impurity  concentration  and  did  not  exceed  several  per  cents  although 
NMC  should  be  close  to  1  for  conducting  electrons  having  energies  near  the  mobility  edge.  The  magnetic  length 
at  which  the  negative  MC  saturated  was  found  to  correspond  to  the  radius  of  a  random  potential  caused  by  space 
disorder  of  impurities.  The  existence  of  a  minimum  size  of  closed  electron  trajectories  of  order  of  mean  distance 
between  impurity  centers  was  shown  to  be  the  cause  of  the  small  NMC  magnitude. 
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Absorption  and  photoconductivity  IR  spectroscopy  is  one  of  the  primary  methods  for  determination  of  optically 
and  electrically  active  impurities  in  semiconductors  with  high  sensitivity  and  resolution.  It  is  known,  that  the 
impurity  and  lattice  absorption  change  a  photoconductivity  continuum  of  electrically  active  centers  in 
semiconductor  [1,2].  The  absorption  in  impurity  transitions  gives  narrow  dips  in  photoconductivity  continuum 
of  the  investigated  sample  at  low  temperatures.  In  this  paper  we  present  a  new  method  (the  low  temperature 
photoconductivity  with  absorption  (PCAS))  for  determination  of  the  absorption  coefficients  and  concentrations 
of  all  optically  active  impurities  with  spectral  lines  dipped  in  photoconductivity  (PC)  continuum  spectrum  of  the 
investigated  semiconductor  sample.  This  method  is  the  variant  of  absorption  spectroscopy  using  the  analysed 
samples  as  contactless  photoconductivity  IR  detectors. 

The  relation  between  the  absorption  coefficient  in  the  sharp  spectral  line  a  and  experimentally  determined  value 
of  sharp  dip  {U2  /f//)  in  the  smooth  PC  continuum  at  low  temperature  is  given  by 

U2/U1  +  a/Y;  -  expiy  l})/0  -  exf>{(a  +  y)  1} , 

where  f/y  2  ^re  the  photoconductivity  signals  in  center  (1)  and  out  of  dip  (2);  7  is  the  absorption  coefficient  in  PC 
continuum;  /  is  the  absorption  path  length. 

The  method  was  applied  to  determination  of  impurity  concentrations  N  {a=0’N,  where  o  is  absorption  cross 
section)  in  B-,  P-,  Al-  and  thermal  double  donors-doped  silicon  crystals.  The  PCAS  spectra  and  “pure”  absorption 
spectra  (AS)  were  taken  with  high  resolution  FTIR  spectrometers  Bruker  IFS-113  or  120HR  using  original 
contactless  PC  measurements  [2]. 

The  comparison  of  PCAS  data  with  the  data  of  other  known  methods  of  measurement  of  impurity  absorption 
coefficients  and  concentrations  shows  good  opportunities  of  the  new  method  for  (juantitative  determination  of 
impurities.  For  example,  the  values  of  carbon  absorption  coefficjents  at^607  cm  determined  from  PCAS  (a 
[Cs]=9.6  cm’^)  and  AS  (a[Cs]=8.7  cm'^)  for  Ga-doped  (3.6-10^'^  cm'^)  Si  crystal  agree.  Concentrations  of 
electrically  active  impurities  of  P,  B,  Al,  carbon-acceptor  complexes  and  thermal  double  donors  determined  with 
PCAS  method  in  the  interval  10^^  -  10^^  cm"^  correspond  with  those  determined  from  Hall  measurements. 
Analytical  possibilities  and  applications  of  this  method  will  be  discussed. 

The  work  was  supported  by  the  Grant  96-03-32581  from  the  Russian  Foundation  for  Fundamental  Researches. 

[1]  G.Bambakidisetal.,Phys.Rev.B,  33,  8180,  (1986) 

[2]  B.A. Andreev  et  al..  Materials  Science  Forum,  143-147,  1365,(1994) 
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MULTIPHONON-ASSISTED  TUNNELING  IONIZATION  OF  DEEP 
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A  theory  of  multiphonon-assisted  tunneling  ionization  under  high-frequency  electric  field  is  presented. 

Recently  tunneling  ionization  of  various  types  of  deep  centers  in  germanium  and  AlxGai.xSb  by  far  infrared 
radiation  was  observed  by  Ganichev  et  al.  (Phys.Rev.Lett.,  71,  3882  (1993),  75,  1590  (1995); 
Semicond.Sci.Technol.,  11,  679  (1996))  in  a  wide  range  of  intensities  and  temperatures.  The  photon  energies 
were  by  several  tens  smaller  than  the  binding  energies  of  the  impurities.  It  was  shown  that  the  ionization  is 
caused  by  a  tunneling  process  in  the  electric  field  of  the  high-power  radiation.  The  results  obtained  demonstrate 
that  high-frequency  far-infrared  laser  pulses  may  be  used  to  study  the  elementary  process  of  tunneling  in  extremely 
large  electric  field  strengths,  avoiding  contact  phenomena  and  avalanche  breakdown. 

In  the  framework  of  semiclassical  approximation  the  dependence  of  probability  of  multiphonon-assisted  tunneling 
ionization  on  the  strength  and  frequency  of  the  electric  field  and  temperature  is  studied.  It  is  shown  that  the 
tunneling  probability  increases  with  the  frequency  increase.  The  effect  originates  from  the  possibility  for  an 
electron  to  acquire  additional  energy  from  the  high-frequency  electric  field  in  the  process  of  tunneling. 

As  an  example,  results  of  numerical  calculations  of  the  probability  of  the  multiphonon-assisted  tunneling  ionization 
for  gold  and  mercury  in  germanium  and  gold  in  silicon  are  presented. 
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Vacancy  surroundings  can  possess  a  local  symmetry  which  is  lower  than  the  symmetry  of  the  ideal  lattice.  For 
example,  various  experimental  studies  for  Si  vancancies  suggest  a  local  D2ci  symmetry  instead  of  a  symmetry. 
The  basic  mechanism  for  the  symmetry  breaking  is  the  Jahn-Teller  effect.  For  a  local  T^j  symmetry  the  four 
dangling  bonds  left  at  the  neighbouring  atoms  of  a  Si  vacancy  give  rise  to  a  completely  filled  non-degenerate 
and  a  partially  filled  threefold  degenerate  defect  state  in  the  fundamental  gap,  i.e.,  Tj  symmetry  gives  rise  to  a 
degenerate  ground  state.  According  to  the  Jahn-Teller  theorem,  a  degenerate  ground  state  is  usually  expected  to 
be  unstable  with  respect  to  the  formation  of  a  non-degenerate  ground  state  by  means  of  a  symmetry-breaking 
distortion.  Consequently,  not  only  for  Si,  but  for  all  isolectronic  materials  crystallizing  in  diamond  or  zincblende 
structure,  e.g.  also  for  cubic  SiC  or  for  C  (diamond),  vacancies  should  exhibit  a  lower  local  symmetry  than  T^. 
The  minimum  requirement  is  to  end  up  with  at  least  two  completely  filled  non-degenerate  defect  states  and  one 
empty  twofold  degenerate  defect  state.  This  can  be  achieved  by  a  local  rhombohedral  C3V  or  a  local  tetragonal 
D2(1  symmetry.  A  further  symmetry-reduction  is  not  expected  to  result  in  an  additional  energy  gain.  Hence,  it  is 
sufficient  to  discuss  these  two  local  symmetries  (besides  T^j  symmetry). 

We  present  large-scale  ab  initio  calculations  for  the  atomic  and  electronic  structure  of  vacancies  in  Si.  First 
results  for  cubic  SiC  and  diamond  are  presented  too.  The  calculations  have  been  performed  within  the  framework 
of  density  functional  theory  in  the  local  density  approximation  using  ultrasoft  Vanderbilt  pseudopotentials  and  a 
plane-wave  basis  set.  We  discuss  the  dependence  of  the  results  with  respect  to  the  k-point  sampling,  the  supercell 
size  and  the  supercell  shape.  The  local  symmetry  of  the  ground  state,  the  eneigy  differences  between  configurations 
of  different  local  symmetry  and  the  atomic  displacements  are  found  to  be  very  sensitive  with  respect  to  the 
numerical  details.  For  Si  only  a  l28(127)-atom  cell  gives  sufficiently  converged  results.  We  find  a  tendency  for 
the  stabilization  of  a  ground  state  of  the  Si  vacancy  with  D2<i  symmetry  with  rising  supercell  size.  However,  the 
convergence  of  the  results  is  still  far  from  being  perfect.  Even  for  the  largest  supercells  we  find  a  relatively  large 
dispersion  of  the  induced  defect  bands.  However,  by  means  of  a  tight-binding  description  of  the  artificial  vacancy- 
vacancy  interaction  arising  in  supercell  calculations  we  are  able  to  extract  the  “real”  vacancy  levels  and  Jahn- 
Teller  splittings  for  an  isolated  vacancy  from  the  calculated  bands.  The  large  dispersion  of  the  defect  bands  leads 
to  the  common  problem  that  for  smaller  cells  and  certain  k-point  samplings  (e.g.  F-point  only  sampling)  an 
unphysical  occupation  of  states  around  the  conduction  band  minimum  can  occur.  In  the  light  of  these  findings  it 
is  easy  to  explain  why  different  ground  states  have  been  found  in  previous  ab  initio  work  on  Si  vacancies  using 
different  k-point  samplings  and  supercells. 
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Samples  of  silicon  doped  with  cadmium  are  found  to  produce  a  series  of  unusual  and  complex  luminescence 
spectra.  Three  independent  groups  of  lines  are  observed,  for  which  the  relative  intensities  depend  on  the  annealing 
treatment.  All  three  groups  are  multi-line  spectra,  with  low  energy  in-band  phonon  modes.  For  the  lowest  energy 
group  ( minimum  energy  zero-phonon  line  at  1058.2  ±0.  ImeV)  transitions  occur  from  an  excited  state  manifold 
of  five  levels  spread  over  4.3meV  into  a  single  ground  state.  The  calculated  infinite  temperature  relative  intensities 
among  the  lines  vary  over  a  factor  of  thirty.  For  this  group,  the  in-band  phonon  mode  energy  is  8meV.  Another 
group  of  lines  (with  the  minimum  energy  zero-phonon  line  at  1 066.8  ±0. 1 5meV)  is  broadly  similar  to  the  1058meV 
group,  except  that  there  are  not  less  than  eight  lines  within  a  range  of  only  2.4meV.  For  this  group,  an  in-band 
phonon  mode  is  not  detected;  it  may  be  obscured  by  the  1058meV  group  of  lines.  The  third  group  presents  a 
simpler  spectrum,  consisting  of  only  three  zero-phonon  lines  spread  over  5.2meV,  with  the  minimum  energy 
component  at  1083.3  ±0.05meV;  the  in-band  phonon  mode  energy  is  4.8meV.  The  thermal  activation  data  in  this 
case  clearly  show  that  both  the  excited  and  ground  states  are  manifolds  of  three  levels  each,  with  very  strong 
selection  rules  governing  the  transitions.  All  three  groups  are  accompanied  by  broad  sidebands  and  their  intensities 
show  a  thermal  deactivation  energy  of  -12meV.  The  spectra  were  first  observed  in  samples  which  had  been 
implanted  with  radioactive  ^^^In  (which  decays  to  Cd  with  a  2.8day  half-life)  several  weeks  after  the  In 
implantation  indicating  that  a  slowly  diffusing  impurity  also  present  in  the  samples  is  involved  in  the  defects. 
The  spectra  have  been  observed  in  both  CZ  and  FZ  starting  materials  and  in  samples  prepared  by  diffusion  and 
by  ion- implantation.  Annealing  the  samples  in  the  temperature  range  100-300-C  following  a  quench  from  high 
temperatures  substantially  enhances  the  luminescence  intensity  in  addition  to  altering  the  relative  intensities  of 
the  three  groups.  The  fine  structure  in  the  spectra  indicates  similarities  to  the  spectra  produced  by  intra  d-shell 
transitions  on  metal  impurities  in  many  semiconductors.  Uniaxial  stress  and  Zeeman  measurements  are  currently 
in  progress  in  order  to  fully  characterise  the  transitions. 
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Using  the  current- voltage  characteristics  of  an  abrupt  Si  n+p  junction,  we  show  how  the  minority  carrier  lifetimes 
(t),  the  capture  cross  sections  for  electrons  (oe)  and  holes  (ah),  and  the  energy  level  (Ej)  of  the  corresponding 
recombination  center  can  be  determined  independently,  thus  allowing  to  characterize  completely  this 
recombination  center.  This  technique  is  applied  to  study  the  main  recombination  center  in  p-type,  moderately 
doped  ( 1016  cm’"^),  Czochralski  grown  Si  and  to  study  the  temperature  dependence  of  ae,  ah  and  t.  It  is  extended 
to  GaAs  and  GalnP  p-i-n  junctions  to  characterize  the  native  recombination  centers  in  the  n  regions,  epitaxially 
grown  by  MOCVD.  It  is  finally  applied  to  characterize  the  recombination  centers  introduced  by  electron  irradiation 
at  various  temperatures  (80  to  300  K)  in  Si,  GaAs  and  GalnP  solar  cells.  In  electron  irradiated  Si  cells,  we 
demonstrate  that  the  main  recombination  center  introduced  by  irradiation  at  90  K  is  the  vacancy.  It  becomes  the 
divacancy  for  higher  irradiation  temperatures,  when  the  vacancy  becomes  mobile.  In  irradiated  GaAs  the 
recombination  center,  presumably  associated  with  the  As  vacancy,  does  not  change  with  the  temperature  of 
irradiation  in  the  range  80  -  300  K.  This  study  is  applied  to  the  modelization  of  the  degradation  of  space  solar 
cells  in  conditions  of  deep  space  mission,  i.e.  low  intensity  of  illumination  and  low  temperature. 
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The  spectrum  of  stimulated  THz  emission  from  uniaxially  compressed  p-Ge  is  presented.  The  peaks  corresponding 
to  different  optical  transitions  from  resonance  to  ground  and  excited  states  of  an  acceptor  were  observed  in  the 
spectrum  of  the  stimulated  emission.  These  peaks  were  identified  by  means  of  a  comparison  of  experimental 
data  with  calculated  acceptor  level  positions  in  dependence  on  pressure.  The  mechanism  of  a  population  inversion 
due  to  free  carrier  accumulation  near  energies  of  resonance  acceptor  states  based  on  the  resonance  scattering  is 
proposed. 

Uniaxial  strain  is  known  to  split  the  degenerate  at  k-0  valence  band  of  Ge  as  well  as  the  acceptor  state.  The 
energy  separation  of  the  ground  and  split-off  acceptor  states  increases  with  stress  and  at  certain  value  of  pressure 
P  (P=^4  kbar  for  P  1 1  [1 11]  and  P«3  kbar  for  [100]  crystallografic  directions,  respectively)  the  split-off  state 
enters  into  the  continuous  valence  band  spectrum  and  creates  the  resonance  state.  Free  holes  having  energies 
close  to  those  of  the  resonance  state  undergoes  the  strong  resonance  scattering  which  can  result  in  electric  field 
induced  population  inversion  with  respect  to  optical  transitions  into  acceptor  states  being  in  the  forbidden  band. 
The  necessary  conditions  for  such  inversion  are  derived. 

The  spectrum  of  stimulated  THz  emission  from  uniaxially  compressed  p-Ge  was  found  to  contain  the  series  of 
peaks.  The  energies  of  these  peaks  increased  with  pressure.  The  energy  of  the  most  intensive  peak  is  varied  from 
8  to  42  meV  by  increasing  pressure  from  4  to  1 1  kbar  for  P 1 1  [1 1 1].  The  peak  energies  were  compared  to  those 
found  from  calculated  pressure  dependence  of  the  energies  of  localized  and  resonance  acceptor  states.  The 
comparison  allows  us  to  identify  the  acceptor  states  which  take  part  in  stimulated  optical  transitions.  In  particular, 
the  main  peak  is  connected  with  the  optical  transition  from  the  resonance  1^  to  2p  localized  state  (state 
classification  corresponds  to  high  pressure  limit,  when  impurity  states  can  be  considered  in  approximation  of 
independent  valence  subbands). 

This  work  was  made  possible  in  part  by  Grant  No  96-02-17352  from  Russian  Basic  Research  Foundation  and 
Volkswagen  Grant. 
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RESONANCE  MODE  PHONON  REPLICA  IN  THE  OPTICAL  SPECTRA 
OF  TRANSITION-METAL  IMPURITIES  IN  GaP 
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Key  Words:  GaP,  Transition  Metals,  Ti,  V,  Cr,  Mn,  Fe,  Co,  Ni,  Local  Vibrations 

The  optical  absorption  and  photoluminescence  spectra  of  internal  d-d  transitions  at  transition-metal  impurities 
(TM)  in  cubic  C^aP  show  sharp  (linewidth  -1cm’;  phonon  replica  of  the  zero-phonon  lines.  We  found  h  v  = 
(325  ±  10)  cm  for  the  energy  of  the  phonon  at  all  of  the  TMs  Ti,  V,  Cr,  Mn,  Fe,  Co,  Ni  and  no  correlation  with 
the  impurity  mass.  To  explain  this,  we  used  a  method  [1  ]  based  on  the  valence-force  model  of  Keating  and  Kane 
to  calculate  the  vibration  frequencies  and  amplitudes  of  local  vibrational  modes  (LVMs)  at  the  impurity.  The 
valence-force  parameters  and  the  effective  charges  for  the  perfect  GaP  crystal  are  obtained  by  fitting  the  phonon 
dispersion  curves  to  neutron  scattering  data.  We  used  the  scaling  factor  approximation  to  determine  the  valence 
force  parameters  at  the  defect  site.  The  validity  of  the  model  is  tested  by  calculating  LVMs  for  ^  ^  B^a  and  ^Bca 
impurities  in  GaP  which  gives  excellent  agreement  with  the  experiment.  As  the  next  step  we  calculated  the 
impurity  induced  phonon  density  of  states  for  TM  at  Ga  site  in  GaP.  For  a  scaling  factor  of  S=-0.2,  corresponding 
to  a  softening  of  the  interatomic  forces  at  the  impurity  by  20%,  an  intensive  LVM  of  T2  symmetry  appears  at 
325, cm '  .  We  calculated  the  energy  shift  of  this  LVM  with  respect  to  different  TM  masses  and  found  it  to  be 
smaller  than  the  experimental  linewidth  of  1  cm  ’  .  This  explains  the  absence  of  a  correlation  between  the 
observed  phonon  energy  and  the  TM  mass.  The  phonon  replica  are  therefore  interpreted  as  resonance  modes  at 
the  bottom  of  the  optical  phonon  branch. 

[1]  U  Scherz  and  C  Schrepel  1995,  Mater.  Sci.  Forum,  196-201,  1583-1588 


Programme  and  abstracts  book  •  329  • 


POSTER  2  - 124 


LUMINESCENCE  DUE  TO  ELECTRON-HOLE  CONDENSATION  IN 
SILICON-ON-INSULATOR  AND  ITS  APPLICATION  TO  DEFECT  AND 
INTERFACE  CHARACTERIZATION 
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A  silicon-on-insulator  (SOI)  is  regarded  as  one  of  the  most  promising  structures  for  the  next  generation  devices. 
Recently  various  techniques  have  been  reported  for  producing  high  quality  ultrathin  SOI  layers,  such  as  bond 
and  etch-back  SOI  (BESOI)  and  separation  by  implanted  oxygen  (SIMOX).  The  thickness  of  the  state-of-the-art 
SOI  layers  is  a  mere  100  nm.  The  characterization  of  such  ultrathin  SOI  layers  has  so  far  been  quite  difficult.  In 
this  report  we  describe  a  characteristic  luminescence  from  these  SOI  layers  under  ultraviolet  (UV)  light  excitation. 
We  demonstrate  the  applicability  of  the  luminescence  to  the  characterization  of  defects  and  interfaces  of  the  SOI 
layers. 

The  samples  used  for  the  measurement  were  BESOI  and  low-dose  SIMOX  wafers.  The  sample  structure  consisted 
of  a  substrate,  a  buried  oxide,  an  SOI  and  a  surface  oxide  layer.  For  comparison  we  measured  the  samples  whose 
oxide  and  SOI  layers  were  removed  by  HE  and  alkaline  solutions,  respectively.  Photoluminescence  (PL)  from 
the  samples  was  measured  at  4.2  -  295  K  under  the  35 1  and  364  nm  lines  of  Ar  laser  and  the  641  nm  line  of  Kr 
laser.  The  excitation  intensity  was  varied  by  three  orders  of  magnitude. 

When  the  samples  were  excited  by  the  visible  light,  the  light  penetrated  deep  into  the  substrate  (approximately 
5  |xm).  In  all  the  samples,  the  emission  due  to  excitons  came  out  predominantly  from  the  substrates;  there  was  no 
substantial  difference  in  the  PL  spectra  among  the  samples.  In  contrast,  a  drastic  change  occurred  under  the  UV 
light  excitation:  A  characteristic  PL  band  appeared  if  and  only  if  the  SOI  layer  was  sandwiched  by  oxide  layers. 
The  characteristic  band  at  4.2  K  had  the  same  spectral  shape  as  the  emission  band  due  to  electron-hole  droplet 
(EHD),  although  the  excitation  intensity  was  too  low  to  generate  EHD  in  conventional  Si  wafers.  The  spectral 
shape  of  the  band  changed  systematically  with  the  excitation  intensity  and  with  temperature. 

We  believe  that  the  characteristic  band  originates  from  the  electron-hole  condensation  in  the  SOI  layer.  The  UV 
light  can  excite  only  the  SOI  layer  because  of  the  very  small  penetration  depth  (approximately  50  nm),  and  the 
excited  carriers  are  confined  within  this  layer  by  the  presence  of  the  diffusion  barrier.  If  the  SOI  layer  is  sandwiched 
by  the  oxide  layers,  the  recombination  velocity  at  the  interfaces  becomes  very  low.  This  makes  the  density  of 
electrons  and  holes  extremely  high  even  under  a  weak  excitation  condition.  Electrons  and  holes  form  free  exciton 
(FE),  electron-hole  plasma  (EHP)  and/or  EHD  depending  on  their  density  and  temperature.  The  systematic 
spectral  dependence  on  the  excitation  intensity  and  temperature  can  be  understood  in  terms  of  the  phase  transition 
among  these  three  states.  The  generation  of  the  EHP/EHD  is  strongly  dependent  on  the  recombination  in  the 
SOI  layer  and  at  the  interfaces.  Therefore,  analysis  of  the  EHP/EHD  signal  as  a  function  of  temperature  and 
excitation  intensity  allows  us  to  characterize  defects  in  the  SOI  layer  and  the  interfacial  quality. 

The  authors  would  like  to  thank  E.  Otsuka  and  H.  Nakata  for  valuable  comments  and  discussions  on  EHD  and  EHP 
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TYPE  OF  EXTENDED  MICRODEFECTS  IN  SI 
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Discovered  recently  the  new  type  of  extended  microdefects  in  Si  was  supposed  to  have  {113}  habit  planes  and 
unusual  indices  of  the  defect  axis  [1  ].  The  defects  are  revealed  as  narrow  ridges  of  enough  large  length  up  to  10- 
15  micrometers  on  different  crystal  surfaces.  However,  many  elements  of  the  defects  morphology  revealed  by 
ortodox  etching  experiments  are  unclear.In  this  paper  new  results  of  the  defects  morphology  analysis  are  presented. 

Photoetching  (PE)  of  Si  in  Sirtle-like  solutions  was  used  for  the  first  time  for  analysis  of  the  defects  morphology 
and  estimation  some  properties  of  the  defects.  Irradiation  of  He-Ne  laser  was  used  in  PE  and  surface  structures 
were  examined  with  interference  microscopy. 

It  is  found,  that  both  normal  and  PE  give  rise  to  formation  of  etch  hillocks  on  the  defects  sites.It  was  shown  by 
photoetching  that  normal  treatment  in  Sirtle  (S)  etchant  reveals  defects  structure  which  can  be  interpreted  as 
“memory”  effects.  The  images  of  the  defects  after  PE  are  wider  then  images  after  S  etching  and  show  very  high 
sensitivity  of  the  defects  to  such  etching  process.  The  featuries  of  the  PE  figures  show,  that  the  variations  of 
impurity  concentration  or  increased  recombination  rate  of  photocarriers  near  by  the  defect  core  are  responsible 
for  ridges  formation  along  the  defects  line.  It  was  found  from  analysis  of  etch  figures  on  (1 12)  plane,  that  defect 
axis  can  be  [1 10],  similarly  to  (1 13)  RLD’s  and  [1 12], 

It  is  important,  that  the  defects  lie  directly  in  (111)  slip  plane  or  in  the  crystal  volume  adjacent  to  sleep  plane. 
Thus,  the  dynamic  reconstructions  in  dislocation  core  may  be  responsible  for  the  defects  nucleation.  Possible 
mechanisms  of  the  defects  formation  based  on  generation  of  self-interstitials  by  moving  dislocation  and  nature 
of  the  defects  impurity  atmosphere  are  discussed. 

[I]  V.Eremenko, A.Fedorov,  Mat.Sci.Forum.,V.196-201(1995)1219-1223. 
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SILICON  SURFACE  DEFECTS:  THE  ROLES  OF  PASSIVATION  AND 
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Passivation  of  the  silicon  surface  is  essential  to  prevent  contamination  by  physisorption  and  chemisorption.  A 
bare  silicon  surface  is  highly  reactive,  and  therefore  easily  attracts  oxygen,  metal  ions  and  small  particles  that 
lead  to  significant  surface  c  ontamination.  An  HF  last  treatment  has  provided  the  standard  method  to  passivate 
the  silicon  surface.  However,  more  stringent  requirements  on  the  surface  cleanliness  and  atomic  flatness,  and  a 
concern  regarding  HF  use  because  of  safety  and  environmental  i  ssues  have  generated  the  need  for  effective 
alternative  passivation  chemistries. 

We  show  that  the  degree  of  surface  passivation  of  a  silicon  wafer  is  easily  detected  by  monitoring  the  surface 
recombination  velocity.  Dangling  surface  bonds  introduce  deep  states  in^the  gap  that  act  as  recombination  centers 
for  minority  carriers.  The  met  hod  is  sensitive  to  10  ML  (10  cm  )  surface  defect  concentrations.  A  brief 
survey  of  applications  to  surface  roughness,  metal  deposition  and  oxidation  will  be  given. 

We  have  studied  in  detail  the  surface  passivation  of  silicon  in  different  atmospheres  and  by  using  alternative 
passivation  chemistries.  Exposure  of  a  hydrogen  terminated  passivated  surface  to  oxygen  results  in  an 
instantaneous  degradation  of  the  surface  a  s  non-polar  Si-H  bonds  are  replaced  by  Si-OH  and  Si-O-Si  structures. 
The  rate  of  surface  defect  generation  corresponds  to  th|  rate  of  oxidation  measured  by  FTIR  absorption.  We 
determine  a  sticking  coefficient  of  oxygen  of  3.5x  10  at  room  temp  e  rature. 

By  comparing  alternative  passivation  chemistries,  halogens  reach  and  even  exceed  the  passivation  degree,  attained 
by  hydrogen.  Halogen  passivated  surfaces  show  the  first  order  Langmuir  adsorption  behavior  from  methanol 
solution  and  a  high  resistance  to  ox  idation.  Both  steric  and  enthalpic  factors  lead  to  a  higher  energy  barrier  for 
the  chemisorption  reaction  of  O2  on  halogen  terminated  silicon  than  for  hydrogen  terminated  silicon  (1.2  eV). 
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UV  ENHANCED  AND  SOLAR  BLIND  PHOTODETECTORS  BASED  ON 
LARGE-BAND-GAP  MATERIALS, 
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There  are  many  applications  (biomedical,  astronomy,  flame  safeguard  systems  and  others)  that  require  the 
measurement  of  blue  or  UV  radiation  in  presence  of  visible  light.  The  spectral  selectivity  of  photodiodes  depends 
on  a  band-gap  of  semiconductor  which  is  shown  on  Figure  1. 


Photon  Energy  (eV) 


Figure  1.  Semiconductors  of  interest  as  visible,  UV  and  solar  blind  photodetectors, 
including  the  above  spectral  ranges. 

In  this  direction,  researchers  are  giving  attention  to  large-band-gap  semiconductor  compounds  such  as  GaP[l  ], 
SiC[2]  and  GaN[3]  in  contrast  to  Si-based  photodiodes  in  which  the  selectivity  can  be  provided  with  additional 
blocking  filters  or  dielectric  coating  to  fit  them  with  the  spectral  region  of  interest. 

The  large-band-gap  (3.6  eV)  zinc  sulphide  (ZnS)  greatly  reduces  the  sensitivity  to  photons  in  the  terrestrial  solar 
radiation  [4]  and  it  is  an  attractive  material  for  developing  the  solar  blind  photodetectors  . 

The  purpose  of  this  work  is  to  introduce  characteristics  of  improved  UV-enhanced  GaP  surface-barrier  detectors 
and  solar  blind  ZnS -based  photodetectors  with  F-doped  tin  oxide  transparent  and  conductive  electrode  as  high 
temperature  devices  with  excellent  electro-optical  characteristics.  The  UV  efficiency,  selectivity  and  specific 
detectivity  of  new  photodetectors  are  compared  with  those  obtained  from  devices  based  on  SiC  and  GaN 
semiconductor  compounds. 

[1]  A.I.  Malik,  G.G.  Grushka,  Soviet  Physic  Semiconductors,  25  (1991)  1691. 

[2]  D.M.  Brawn,  E.T.  Dowley  et  al,  IEEE  Trans.  Electron.  Dev.,  40  (1993)  325. 

[3]  M.A.  Khan,  J.N.  Kuznia  at  al,  Appl.  Phys.  Lett.,  63  (1993)  2455. 

[4]  V.P.  Machnii,  A.I.  Malik,  V.V.  Melnic,  Soviet  J.Techn.  Phys.,  60  (1990)  146. 
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The  defect  formation  in  silicon  layers,  which  were  ion  implanted  and  annealed  by  rapid  thermal  annealing 
(RTA)  techniques,  has  been  investigated  The  two  terminal  p'^np  structure  was  used  as  test  structure  (vehicle)  for 
the  present  investigation.  This  structure  has  a  fully  depleted  base  (for  V=0V).  Current  control  is  achieved  by  an 
internal  potential  barrier,  whose  energy  height  may  be  controlled  by  the  ion  implantation  energy  and  dose  ot  the 
base  As  such  this  p  np  structure  is  an  excellent  device  tor  investigating  the  behavior  ot  trap  states  and  defects, 
after  ion  implantation  and  rapid  thermal  annealing  or  furnace  annealing.  The  present  paper  reports  on  results 
obtained  from  the  investigation  of  deep  levels  in  such  structures  which  were  doubly  ion  implanted  with  ISOKeV 
phosphorous  ions,  at  a  dose  of  1  x  1 0^  ^cm'^  or  3x  1 0  cm'^  and  subsequently  with  28KeV  boron  ions  at  a  dose  of 
IxlO^'^cm'"^  .  After  ion  implantation,  the  samples  were  RTA  annealed  at  850°C  for  up  to  90sec,  or  furnace 
annealed  at  lOOO^C  for  lOmin. 

The  defect  structure  was  investigated  using  deep  level  transient  spectroscopy  (DLTS).  The  predominant  traps 
identified  in  unannealead  p'^np  samples  were  majority  carrier  traps  at  0.34, 0.56  and  0.62eV,  their  exact  position 
depending  on  the  p'^np  bias  conditions.  This  bias  sensitivity  indicates  that  the  traps  are  probably  due  to  the  fine 
structure  of  dislocations  near  interfaces.  The  density  of  these  defects  is  found  to  be  dramatically  lower  in  the 
RTA  p'^np  samples  compared  with  that  in  the  furnace  annealed  samples.  lUs  aho  important  to  note  that  the 
defect  structure  varies  when  the  implant  dose  of  phosphorous  increases  to  1 0  cm  .  The  presence  of  microtwins, 
along  with  dislocations,  becomes  a  possibility.  The  results  of  this  investigation  on  the  important  stability  factor 
of  deep  levels  introduced  by  ion  implantation  and  the  effect  of  RTA  and  furnace  annealing  on  their  density  will 
be  presented  and  discussed.  The  sensitivity  to  p'^np  bias  conditions  and  its  connection  with  traps  near  the  layer 
interfaces  will  also  be  discussed. 
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The  crystal-field  levels  of  the  4f  electrons  of  rare-earth  ions  introduced  as  dopants  in  a  solid  matrix  have  been 
extensively  studied.  These  electronic  v^avefuntions  are  very  localized,  but  nevertheless  influenced  by  the  electric 
and  magnetic  order  in  the  host  crystal. 

Their  study  in  high-Tc  superconductors,  where  the  rare-earth  ion  is  a  part  of  the  crystallographic  unit  cell,  has 
become  of  increasing  interest  [1].  The  aim  of  this  paper  is  to  study  compounds  which  have  a  crystal  structure 
and  similar  composition  to  that  of  high-T^  superconductors  and  determine  the  environment  and  the  properties 
of  the  rare-earth  element. 

R2BaZn05  (R  denotes  a  rare-earth  element)  crystallizes  in  two  different  structures  depending  on  the  rare-earth 
ionic  radius.  One  of  them,  (R  denotes  Sm,  Eu,  Tm,  Y)  is  orthorhombic  with  space  group  Pnma.  The  second 
family  (R  denotes  La  and  Nd)  is  tetragonal,  the  space  group  is  I4/mcm.  The  latter  structure  contains  Nd-0  layers 
separated  by  slabs  consisting  of  isolated  Zn04  tetrahedral  units  and  Ba  atoms  between  them.  Most  of  the 
components  with  the  composition  R2BaZn05  have  an  orthorhombic  structure  described  by  the  space  group 
Pbnm.  All  of  these  components  are  insulators.  For  energies  larger  than  1000  cm  ,  the  interaction  of  these 
materials  is  dominated  by  the  electrons  of  the  4f  shell  of  the  rare-earth  element. 

We  report  on  a  study  on  Nd^^  and  Er^^  in  Nd2Ba(Zn,Cu)05  and  Er2Ba(Ni,Cu)05  by  means  of  photoluminescence, 
absorption,  and  Raman  spectroscopy  in  magnetic  fields  up  to  15  T.  The  crystal  field  levels  of  Nd"^^  and  Er"^^ 
were  determined  in  the  range  0-30000  cm  applying  the  optical  techniques  mentioned  above  at  different 
temperatures.  The  photoluminescence  of  the  Nd2Ba(Zn,Cu)05  compound  is  dominated  by  the  emission  from 
the  F3/2  state  to  the  I15/2,  Ii3/2»  I9/2  multiplet.  For  the  Er2Ba(Ni,Cu)05  material,  the  I13/2-  I15/ 

2  transition  with  the  well  known  1 .54  |im  luminescence  is  strongest.  However  more  zero-phonon  lines  (ZPL)  are 
observed  than  expected  in  the  simple  crystal-field  picture.  This  indicates  that  either  other  phases  are  present  in 
the  crystal  or  that  the  rare-earth  is  also  incorporated  on  other  sites. 

All  degeneracies  of  the  states  are  lifted  exept  for  the  Kramers  degeneracy  because  of  the  C2V  symmetry  around 
the  rare  earth.  The  Nd2BaZn05  compound  shows  the  usual  Zeeman-behavior,  whereas  extraordinary  large  shifts 
(geff=8.2)  of  the  ZPLs  in  magnetic  fields  have  been  evaluated  for  the  Er  compounds. 

[I]  A.  de  Andres,  S.  Tabaoda.  J.  C.  Martinez.  M.  Dietrich  A.  P.  Litvinchuk  and  C.  Thomsen  Phys.  Rev.  B  55, 
356X(1997) 
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Gallium  oxide  6-Ga203  is  a  wide  band  gap  semiconductor  with  a  room  temperature  band  gap  of  4.7  eV,  It 
exhibits  interesting  intrinsic  properties  with  applications  in  dielectrics  and  as  gaseous  sensors.  Its  n-type  conduction 
is  thought  to  be  controlled  by  oxygen  vacancies  according  to  the  earliest  reports.  We  studied  bulk  crystals, 
transparent  and  conducting  at  room  temperature,  by  electron  paramagnetic  and  electron  nuclear  double  resonance 
(EPR,  ENDOR)  investigations  and  time  integrated  photoluminescence.  As  trace  impurities  we  identify  iron  and 
chromium  in  the  3+  charge  states.  In  addition  a  slightly  anistropic  signals  is  seen  by  EPR  around  g=1.95  which 
shows  partially  resolved  ligand  hyperfine  (Ihf)  structure.  From  ENDOR  we  can  demonstrate  that  the  Ihf  arises 
from  nearest  neighbor  Gallium  nuclei  in  distorted  tetrahedral  and  octahedral  coordination  (the  crystal  structure 
is  monoclinic  C2/m).  The  defect  with  S=l/2  hence  resides  on  the  oxygen  sublattice  and  the  absence  of  any 
central  hyperfine  interaction  supports  the  model  of  the  oxygen  vacancy  as  responsible  defect.  Annealing 
experiments  under  oxidizing  and  reduzing  atmospheres  were  performed  to  study  the  thermal  stability  of  the 
defect.  Under  oxidizing  conditions  the  conductivity  drastically  decreases  (the  sample  became  high  resistive) 
whereas  the  defects  properties  hardely  changed.  The  control  of  the  conductivity  by  intrinsic  defects  such  as  the 
oxygen  vacancy  has  to  be  questioned  and  the  role  of  shallow  extrinsic  donors  also  seen  by  EPR  has  to  be  taken 
into  consideration. 
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Besides  covalent  and  ionic-covalent  semiconductors,  the  metastable  DX-like  centers  occure  in  the  wide-gap, 
predominantly  ionic  CdF2  crystals  doped  with  some  tri-valent  Me  impurities  (Me  =  In,  Ga,  Al)  and  reduced  in 
the  hydrogen  or  metal  vapors  to  convert  the  crystals  into  the  semiconductor  state.  The  studies  of  photo-  and 
thermo-transformation  of  these  centers  show  that  a  change  of  the  center  state  is  induced  by  a  change  in  its 
charge.  The  bimolecular  kinetics  of  the  thermodestruction  of  the  shallow  center  and  the  quantum  yield  2  of  the 
photochemical  reaction  of  the  deep-shallow  center  transformation  testify  clearly  to  participation  of  two  shallow 
centers  in  formation  of  one  deep  and  vice  versa  [1].  Direct  evidence  of  the  negative-U  nature  of  the  deep  state  of 
the  center  was  found  in  the  experimental  measurments  of  magnetic  moment  J  of  CdF2:ln  which  showed  the 
absence  of  magnetic  moment  in  this  state  and  its  appearence  with  J  =  _  for  the  shallow  state  [2].  Two  types  of 
deep  centers  were  discovered  for  Ga-  and  Al-doped  crystals;  these  centers  differ  strongly  in  the  lattice  relaxation 
accompaning  their  formation.  It  is  concluded  that  Me  centers  in  CdF2  are  not  DX-like  ones,  as  was  initially 
supposed,  but  the  true  DX  centers  with  all  their  typical  features,  though  it  is  rather  strange  for  such  ionic  compound 
as  CdF2.  One  can  conlude  that  a  strong  hybridization  of  states  occures  in  this  compound.  Parameters  of  the 
configuration-coordinate  models  for  the  Me  centers  are  determined  and  their  microscopic  models  are  proposed 
[3].  Results  of  the  experimental  study  of  center  structure  are  considered.  An  explanation  is  given  why  the  non¬ 
transition  Me  impurities  in  CdF2  form  the  metastable  centers  whereas  the  transition-metal  (of  the  column  III) 
and  rare-earth  ones  produce  the  shallow  donors  only  [4]. 

The  giant  photochromic  effect  in  CdF2:Me  was  recently  used  for  the  writing  the  holographic  gratings  in  these 
crystals  [5,6].  Their  diffraction  efficiency  and  the  sensitivity  of  crystals  are  evaluated  on  the  basis  of  the  analysis 
of  the  photochemical  transformations  and  compared  with  the  experimental  values  of  these  parameters  [7].  Possible 
using  of  these  media  for  writing  both  static  and  dynamic  gratings  are  discussed  . 

[1]  A.S.Shcheulin  et  al.,  Proceedings  of  ICPS  23,  vol.  4,  p.  2993,  (1996);  Phys.  Lett.  A  222,107  (1996) 

[2]  S.A.Kazanskii,  A.l.Ryskin,  V.V.Romanov,  Appl.  Phys.  Lett.,  70,  No  10  (1997);  Physics  of  the  Solid  State,  39, 

No  5  (1997) 

[3]  A.l.Ryskin,  A.S.Shcheulin,  D.E.Onopko,  to  be  published 

[4]  A.l.Ryskin,  P.P.Fedorov,  Physics  of  the  Solid  State,  39,  N  5  (1997)  5.  A.l.Ryskin  et  al,  Appl.  Phys.  Lett.  67, 31 
(1995) 

[6]  B.  Koziarska  et  al,  Acta.  Phys.  Polon.,  88,1010  (1995) 

[7]  A.S.Shcheulin  et  al,  Optics  and  Spectroscopy,  83,  No  5  (1997) 
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Positron  annihilation  technique  (PAT)  has  demonstrated  its  capability  to  detect  defects  in  semiconductor  materials. 
However  it  seems  that  PAT  has  been  scarcely  applied  to  III- VI  layered  semiconductor.  These  compounds  have 
attracted  much  attention  in  the  last  vears  due  to  their  electronic  transport  properties  and  non-linear  optical 
coefficients.  They  have  a  structure  formed  hy  layers  containing  monoatomic  planes,  which  are  bonding  by  Van 
der  Waals  t'orces.  Within  a  layer  the  bonding  between  atoms  is  covalent.  The  GaSe  and  GaS  compounds  belong 
to  this  group,  and  they  have  not  been  as  extensivily  studied  hy  PAT  as  InSe  (the  most  representative  of  the  III-VI 
group).  It  may  he  expected  that  this  two-dimensional  bonding  scheme  yields  similar  positron  annihilation 
characteristics  in  all  these  III-VI  semiconductors. 

Neutron-transmutation  doping  (NTD)  is  a  convenient  method  for  semiconductor  doping  purpose  when  a  precise 
amount  and  a  homogeneous  distribution  of  the  impurities  are  required.  The  process  depends  on  the  capture 
cross-sections  and  the  natural  abundance  of  each  isotope.  During  the  NTI)  process  some  lattice  defects  are 
created  due  to  the  P”  and  y~  particles  produced  in  the  nuclear  reactions  and  also  due  to  the  fast  neutrons  which 
unavoidable  accompany  the  thermal  neutrons  flux  and  cani^t  he  completely  eliminated.  In  this  situation,  the 
recoil  energ-  transmitted  to  the  involved  atom  through  the  P”  and  y  decay  can  displace  the  resultant  Ge-atoms 
from  their  initial  Ga  sites  to  interstitial  positions.  PAT  as  a  technique  sensitive  to  vacancies,  can  be  useful  to 
investigate  the  nature  and  charge  state  of  those  vacancy  related  defects  created  after  irradiation. 

We  present  here  positron  lifetime  and  Doppler  broadening  measurements  performed  on  NTD-GaS  and  GaSe 
single  crystals.  The  samples  were  radiated  at  different  fluences  vielding  estimated  concentrations  for  Ge- 
transmuted  atoms  between  2.5  x  10^^  and  2  x  10  ^  cm"^.  The  as-grown  materials  are  well  described  hy  only  one 
lifetime  component:  287  ps  for  GaSe  and  291  ps  for  GaS.  For  the  irradiated  specimens  the  positron  lifetime 
spectra  reveal  a  new  second  component:  335  and  330  ps  for  GaSe  and  GaS,  respectively.  The  average  lifetime 
Tm  and  S -parameter  have  shown  a  saturation  effect  with  increasing  radiation  dose.  The  nature  of  these  radiation 
induced  defects  are  discussed  in  terms  of  the  well-known  trapping  model. 
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The  thermal  growth  of  the  Si/Si02  structure  is  known  to  be  attendant  with  the  natural  incorporation  of  coordination 
defects  at  the  Si/Si02  interface  as  a  result  of  network-lattice  mismatch.  Over  the  recent  decades,  these  have  been 
the  subject  of  intense  research,  mainly  driven  by  their  adverse  electrical  effect  on  Si-based  devices.  This  has 
evoked  ceaseless  electrical  characterization.  However,  as  to  atomic  identification,  the  key  information  so  far 
came  from  electron  spin  resonance  (ESR)  analysis  -a  tool  with  atomic  level  physicochemical  sensitivity. [1] 

As  detected  by  ESR,  the  Si/Si02  interface  defects  are  generically  referred  to  as  Pb  centers,  their  appearance 
being  dependent  on  the  Si  substrate  surface  orientation.  At  the  (111)  Si/Si02  interface,  ESR  has  so  far  detected 
only  one  type  of  defect,  specifically  called  Pb-  It  has  been  convincingly  identified  as  the  interfacial  oSi  =  Si3 
defect.  The  center  exhibits  Csv  ([1 1 1]  axial)  symmetry  with  principal  g  values  g  n  =2.0014  and  gx  -2.0086. 

At  the  (100)  Si/Si02  interface,  by  contrast,  ESR  has  isolated  two  spectroscopically  different  types  of  defects, 
called  Pbo  and  Pb,.[2]  Both  were  initially  also  pictured  as  interfacial  single  dangling  Si-bond  type  of  defects, 
where  Pbi  was  modeled  as  an  interfacial  oSi  =  Si20  entity,  the  center  thus  purported  to  be  of  different  chemical 
structure  than  Pb-  However,  this  assignment  was  subsequently  countered  both  experimentally  and  theoretically. 
This  leaves  the  atomic  structure  still  obscure,  mainly  because  ESR  analysis  has  so  far  failed  to  provide  an  as 
convincing  set  of  data  as  for  Pb-  Reasons  for  this  are  the  inherently  smaller  defect  density  ( 3  times)  in  (100)  Si/ 
Si02  and  spectral  overlap.  Particularly  in  the  case  of  Pbi,  this  has  obstructed  an  accurate  g  matrix  and  hyperfine 
interaction  evaluation.  The  present  work  regards  the  former  part.  During  recent  extended  analysis  of  intrinsic 
interface  defect  generation  as  a  function  of  oxidation  conditions,  fabrication  parameters  could  be  delineated 
predominantly  leading  to  Pb,  incorporation  ([Pbi]/[  Pbol'^20).  This  allowed  accurate  Pbi  signal  characterization. 
The  element  of  inclusiveness  inherent  to  inferring  ESR  parameters  from  entangled  weak  Pbo  and  Pbi  spectra  has 
thus  been  alleviated. 

Main  results  on  Pbi  include:  (1)  accurate  g  matrix  calibration  confirming  the  Pbi  point  symmetry  as  monoclinic- 
I;  (2)  principal  g  values  gi=2.0058,  g2=2  00735  ±  0.00010,  and  g3=2.0022,  where  the  g2  (admittedly  about  the 
unpaired  Si  hybrid  direction)  direction  is  at  3±1®  (towards  the  interface)  with  a  <1 1 1>  direction  at  35.3°  with  the 
interface  plane.  Only  the  four  crystallographic  defect  orientations  (ESR)  equivalent  through  the  4  [100]  face 
symmetry  occur;  (3)  The  linewidth  is  found  weakly  dependent  on  magnet  angle,  ascribed  to  a  strain  induced 
spread  agx-0.00035  in  gx,  about  2-3  times  less  than  typical  for  Pb  in  (1 1  l)Si/Si02. 

A  detailed  analysis  of  the  Pbi  ESR  characteristics  is  presented.  The  nature  of  the  defect,  that  is  its  atomic 
structure,  is  addressed  within  the  context  of  the  salient  ESR  data  combined  with  previously  established 
experimental  facts.  The  key  part  appears  reconcilable  with  a  dangling  Si  orbital  located  slightly  sub-interface  in 
the  substrate. 

[1]  E.  Poindexter  and  P.  Caplan,  Prog.  Surf.  Sci.  14, 211  (1983) 

[2]  E.  Poindexter,  P.  Caplan,  B.  Deal,  and  R.  Razouk,  J.  Appl.  Phys.  52,  879  (1981) 
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We  are  interested  to  study  the  electronic  properties  of  thallium-doped  ammonium  halide  crystals.  This  system, 
potentialy  for  wavelength  tunable  blue/green  solid  state  lasers,  presents  absorption  bands  in  the  200-300  nm 
ultravioled  range,  and  the  emission  bands  cover  the  blue  or  blue/green  range,  depending  on  the  host.  We  have 
developed  a  self-consistent  ab  initio  method  based  on  cluster  interactions.  It  consists  of  an  iterative  procedure 
with  a  Hartree-Fock  calculation  for  an  “active  cluster”  in  the  field  of  the  rest  of  the  crystal  represented  by  a  set 
of  frozen-orbital  precalculated  clusters.  The  active  and  frozen  clusters  are  exchanged  until  the  system  has 
converged.  Each  step  in  the  iteration  consists  of  a  molecular  calculation  of  the  “active  cluster”  with  the  passive 
orbitals  frozen.  This  procedure  is  able,  in  principle,  to  handle  very  large  systems  of  clusters  to  simulate  solids. 

Using  this  method  we  compute  ground  and  excited  state  properties  of  pure  and  doped  alkali  halides  and  ammonium 
halides. 
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Donor-acceptor  pair  emission  from  chalcopyrite  semiconductors  such  as  AgGaS2  and  CuGaS2  have  been  reported 
by  various  authors  in  the  past.  Recently  we  have  demonstrated  via  hydrostatic  pressure  measurements  that  some 
of  these  transitions  involve  deep  acceptors  since  they  have  pressure  coefficients  larger  than  the  bandgap[l,2]. 
We  have  now  found  interesting  time-dependent  behaviors  in  this  emission.  Under  steady  state  illumination  at 
low  temperatures  the  emission  intensity  decays  exponentially  with  time  constants  between  60- 140s.  The  decay 
time  depends  on  the  excitation  laser  intensity  (see  Fig.  1)  and  on  sample  temperature.  While  the  decay  time 
decreases  montonically  with  increasing  laser  intensity,  the  dependence  on  temperature  is  more  complicated.  It 
increases  at  first  with  temperature  but  reaches  a  minimum  and  starts  to  rise  as  the  temperature  is  increased 
towards  room  temperature  (see  Fig.  2).  We  have  developed  a  model  which  reproduces  all  the  observed  experimental 
results  based  on  the  existence  of  a  metastable  state  of  the  deep  acceptors  involved.  Under  optical  illumination 
the  acceptors  are  excited  into  the  optically-inactive  metastable  state.  We  shall  discuss  the  possibility  that  these 
acceptors  are  related  to  the  AX  centers  proposed  by  Park  and  Chadi[3]. 

[1]  I-H.  Choi  and  P.  Y.  Yu.  Phys.  Stat.  Solidi,  (b)  198, 251  (1996). 

[2]  I-H.  Choi  and  P.  Y.  Yu.  Phys.  Rev.  B  (in  press). 

[3]  C.  H.  Park  and  D.  J.  Chadi.  Phys.  Rev.  Lett.  75, 1 134  (1995). 
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Optical  properties  of  cubic  boron  nitride(  cBN )  has  not  been  well  investigated  compared  with  those  of  diamond, 
and  we  have  started  studying  on  luminescence  of  cBN.  A  type  of  commercially  available  cBN  grain(  SBN-M, 
SHOWA  DENKO  KK,  Japan )  was  found  to  exhibit  intense  cathodoluminescence,  which  was  clearly  dependent 
on  growth  surfaces. 

The  crystals,  200  [im  in  diameter,  have  octahedral  habit  truncated  with  small  {100}  and  exhibit  amber  color. 
Cathodoluminescence  was  examined  with  a  scanning  electron  microscope  fitted  with  an  attachment  for 
cathodolumenscence  spectroscopy  and  topography.  Spectra  were  measured  between  250  and  500  nm  at  a  liquid 
nitrogen  temperature  with  an  accelerating  voltage  of  25kV. 

Four  luminescence  centers  were  detected  on  one  crystal.  Three  of  them,  whi^h  have  been  reported,  are  T,  O  and 
US- 1  centers  with  zero  phonon  lines  at  258,  390  and  35 1  nm,  respectively^’  .  The  other  was  an  undocumented 
broad  band  with  a  peak  around  350  nm.  Each  center  clearly  depends  on  growth  surfaces:  (1 )  The  T  center  and  the 
broad  band  were  seen  on  boron  terminated  {111  >,  (2)  the  O  center  on  nitrogen  terminated  {111  >  and  (3)  the 
US-Iwason{100>. 

The  T  and  O  centers  have  been  reported  to  be  found  in  crystals  grown  with  doping  Si\  and  they  may  be  related 
to  Si  impurities.  The  present  result  that  these  are  seen  on  {111  }  is  consistent  with  the  report,  because  it  is 
reasonably  assumed  that  Si  is  easily  incorporated  into  {111  }  by  analogy  with  well  known  facts  that  impurities 
such  as  Ni  and  boron  are  easily  incorporated  into  {111}  growth  sectors  of  synthetic  diamonds. 

On  the  other  hand,  the  US- 1  center  is  commonly  seen  in  a  variety  of  crystals”  and  has  been  suggested  to  be 
produced  by  some  defects  without  incorporation  of  impurities'^.  Therefore,  the  presence  of  the  center  on  {100} 
does  not  necessarily  indicate  that  specific  impurities  are  trapped  on  the  surfaces. 

Both  the  T  center  and  the  broad  band  were  seen  on  a  boron  terminated  {111}  surface,  but  their  distributions 
were  different.  There  may  be  some  correlation  between  the  distribution  of  the  centers  and  surface  morphology. 
More  detailed  investigation  is  needed. 

1)  V.B.Shipilo,  A.I.Lukomski  and  L.M.Gameza,  J.Appl.Spectr.  55  (1991)  567 

2)  K.Era  and  O.Mishima,  MRS  Symposium  Proc.  Vol.  1 62  ( 1 99 1 )  555 
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The  initial  stages  of  the  three  dimensional  metal  organic  vapor  phase  epitaxy  growth  of  InP/GaP  (100)  and  (11 1) 
have  been  studied  by  Atomic  Force  Microscopy  (AFM),  Rutherford  Back  Scattering  (RBS)  and  Transmission 
Electron  Microscopy  (TEM). 

We  have  shown  that  the  heteroepitaxial  growth  takes  place  under  Stranski-Krastinov  mode  (layer  by  layer  and 
dislocation  free  island  growth)  and  we  have  determined  the  2D— >3D  transition  in  the  InP/GaP  system  at  1.5  ML 
±0.2  ML. 

On  the  other  hand,  we  show  by  AFM  and  TEM  techniques  that  the  shape  and  the  size  distribution  of  the  InP/GaP 
self-assembled  nanostructures  depend  on  the  substrate  orientation.  Thus  we  have  performed  the  epitaxy  to  obtain 
quantum  dots  and  quantum  wires  structures  coherently  strained  to  the  substrate, 

®  Present  address :  Laboratoire  de  Physique  de  la  Matiere  (UMR  5511),  INSA  de  Lyon,  Bat.  502,  20  av.  Albert 
Einstein,  69621  Villeurbanne  cedex,  France 
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LATTICE  RELAXATION  OF  IN  DONORS  IN  CdF2 
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It  has  been  already  well  established  that  the  large  lattice  relaxation  (LLR)  is  a  major  mechanism  responsible  for 
defect  metastability  in  semiconductors.  In  more  covalent  host  (AIII-BV  and  very  likely  AII-B  VI  semiconductors) 
relaxation  is  due  to  a  change  of  the  atomic  site  (interstitial  -  substitutional).  This  mechanism  leads  to  the  formation 
of  the  DX  states  and  there  exists  ample  amount  of  data  testifying  its  validity.  In  the  case  of  more  ionic  hosts  one 
should  consider  a  symmetric  collapse  (or  expansion).  Expected  lattice  relaxation  should  be  close  to  the  difference 
ionic  radii  of  the  impurity  in  the  two  charge  states.  The  total  relaxation  is  large  about  1  -  2  eV. 

For  both  types  of  relaxation  one  expects  a  macroscopic  dilatation  of  the  crystal.  Its  amount  depends  on  the  type 
of  relaxation  and  the  number  of  phototransformed  defects.  However,  if  the  metastability  is  accompanied  by  the 
generation  of  free  carriers,  their  presence  may  also  lead  to  macroscopic  dilatation. 

Indium  in  CdF2  crystals  is  well-known  bistable  center.  At  low  temperatures  (below  1 00  K)  illumination  transforms 
all  localized  In  donors  into  hydrogenic  states  with  a  Bohr  radius  of  about  0.7  nm.  It  is  expected  that  the  lattice 
relaxation  is  centrosymmetric.  The  magnitude  of  the  local  lattice  collapse  upon  ionization  of  indium  is  about  the 
difference  of  ionic  radii  Fr  of  In  (3+  and  2+).  Therefore  the  relative  change  of  the  crystal  length,  Fl/lo,  is 
expected  to  be: 

where  d^a  is  the  Cd-F  distance,  N*[n  and  Ngation  are  the  concentrations  of  indium  and  cation  ions  in  CdF2 
crystal,  respectively.  Substituting  to  this  formula  the  data  for  CdF2  one  can  obtain  the  expected  relaxation  about 
2.5.10-5  for  N*in  “8.1018  cm-3  phototransformed  centers.  There  is  no  contribution  of  the  free  elections  to  the 
effect  since  the  ionization  energy  of  shallow  donors  in  CdF2  is  about  100  meV  and  at  low  temperatures  their 
concentration  is  negligible. 

We  used  for  measuring  such  a  small  relaxation  a  scanning  tunneling  microscope  (STM).  The  CdF2:In  sample  of 
lo  =  5  mm  length  with  concentration  of  In  equal  to  8.1018  cm-3  (estimated  from  the  Hall  measurements)  was 
placed  in  STM.  Shrinkage  of  the  crystal  was  observed  upon  illumination.  The  effect  is  linear  in  the  accumulated 
light  dose  and  it  is  metastable  at  liquid  helium  temperature.  Maximum  observed  change  of  the  crystal  length  was 
about  9  nm,  i.e.,'the  relative  changes  where  in  the  order  1.8.10-6.  Although  the  sign  of  the  observed  changes 
agrees  with  the  theoretical  expectations,  the  magnitude  of  the  effect  is  smaller  more  than  10  times  than  expected 
from  the  theoretical  first  principle  computations,  performed  by  Song  et  al.  (1995).  Possible  explanation  of  this 
discrepancy  is  associated  with  negative  U  behavior  of  the  bistable  dopants  in  CdF2  ciystals. 
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Polycrystalline  CuIn(Ga)Se2-layers  used  in  thin  film  solar  cells  were  analysed  with  optical  and  magneto-optical 
methods.  The  samples  were  synthesized  by  the  two-step  rapid  thermal  processing  (RTP)  method.  After  the 
deposition  of  the  elements  on  the  substrat  by  sputtering  and  evaporation,  the  precurser  were  annealed  in  a 
furnace  with  high  heating  rates  up  to  550  ®C.  In  absorption  and  photoluminescence  excitation  (PLE)  the  free 
exciton  is  seen  at  1.04  eV  in  the  copperrich  layers  (Cu/In>l)  but  not  in  layers  with  excess  of  indium.  With 
Magnetic  Circular  Dichroism  (MCD)  the  free  exciton  can  be  detected  in  Cu-rich  as  well  as  in  In-rich  samples. 
The  energy  position  of  the  exciton  is  practically  constant  over  a  wide  range  of  compositions.  Between  1.5  K  and 
300  K  the  temperature  dependence  of  the  exciton-bandgap  was  determined  with  MCD.  In  Cu-rich  CuIn(Ga)Se2 
two  luminescence  transitions  with  phonon  replicas  appear  at  0.91  eV  and  0.96  eV.  The  high  energy  emission  is 
assigned  to  a  band-acceptor  transition,  since  the  energy  position  shifts  blue  with  1.1  k^T  and  CuIn(Ga)Se2  is  p- 
type.  At  high  excitation  powers  the  shift  of  energy  and  intensity  saturates.  This  confirms  a  recombination  process 
between  discrete  energy  levels.  In  contrary  the  luminescence  transitions  in  In-rich  films  are  severely  influenced 
by  fluctuating  potentials  caused  by  the  high  concentration  and  compensation  of  defects.  The  nature  of  the  defects 
will  be  discussed. 
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MISFIT  DISLOCATIONS  IN  MULTISTRUCTURE 
SEMICONDUCTOR  PARTICLES 
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This  paper  reports  our  studies  of  the  correlation  between  charge  carrier  transport  properties  of  small  multistructure 
silver  halide  (AgHal)  particles  and  the  misfit  dislocations  presenting  in  the  surface  structural  layer.  The  particles 
under  consideration  possesses  so-called  core-shell  structure  consisting  of  a  crystal  AgBr  core  of  around  1 .2 
mkm  in  size  covered  with  around  50  nm  thick  AgBr(i  .x)Ix  (where  x  =  0.0 1  -0.05)  layer.  The  mentioned  structural 
configuration  was  characterized  using  SEM  microscopy  and  X-ray  spectroscopy. 

In  our  previous  studies  it  was  shown  that  Blattice  parameters  between  core  and  shell  crystalline  structures  gives 
rise  to  misfit  dislocations  in  the  surface  crystalline  layer  of  AgBr/AgBrl  particle  [1].  The  theoretical  simulation 
of  charge  transfer  mechanism  predicted  the  increase  of  surface  layer  conductivity  due  to  the  presence  of  misfit 
dislocations. 

In  this  contribution  we  present  the  experimental  results  for  C:ore  and  shell  conductivities  in  AgHal  semiconductor 
particles  calculated  from  Maxwell-Wagner  effect  measurements  accomplished  in  the  frequency  range  between 
30  Hz  and  100  MHz.  We  analyzed  the  imaginary  part  of  dielectric  loss  curve  versus  frequency  for  twin  AgHal 
particles  embeded  in  isolating  medium.  It  was  found  that  the  dispersion  curve  of  the  interface  polarization  gave 
two  maximums  while  its  frequency  values  were  proportional  respectively  to  the  core  and  the  shell  crystalline 
structure  conductivities  in  AgBr/AgBrl  particle.  The  dispersion  curve  maximum  standing  for  the  surface  crystal 
layer  was  observed  under  much  higher  frequency  that  from  our  point  of  view  may  confirm  the  influence  of 
conductivity  mechanism  ruled  by  the  presented  misfit  dislocations. 

We  have  also  analyzed  the  dislocation  mechanism  of  ionic  charge  transfer  process  for  silver  halide  crystal  and 
compared  its  efficiency  with  the  one  for  common  mechanism  taking  into  account  only  the  mobility  of  the 
interstitial  Ag  ions. 

[1]  O.LShevaleevskii,  M.A.Kojuschner  and  M.V.Alfimov,  Scientific.Appl.  Photography,  37, 109  (1992). 
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Most  of  the  electronic  and  atomic  processes  in  semiconductors  are  governed  by  the  properties  of  point  defects. 
Recently,  large  lattice  relaxation  phenomena  have  attracted  much  attention  such  as  the  negative-U  effect  and  the 
off-centre  instability  found  at  substitutional  impurities  in  covalent  semiconductors. 

We  have  performed  a  comprehensive  theoretical  study  on  the  structural  change  and  relaxation  process  of  a 
tetrahedral  (T^)  four-site  model,  which  is  the  most  conceivable  simple  model  for  various  point  defects  in  covalent 
semiconductors  (vacancies,  substitutional  and  interstitial  impurities).  The  present  model  consists  of  four  sites 
and  is  characterized  by  the  electronic  transfer  energy  -7,  the  on-site  Coulomb  repulsion  energy  f/,  the  lattice 
relaxation  energy  S  induced  by  the  lattice  distortion^,-  at  the  site  i  (=l'-4)  and  the  number  of  electrons  n  (=0~8). 
The  system  has  the  electron-hole  symmetry:  the  character  of  the  ground  state  of  n  electrons  corresponds  to  that 
of  the  8-/2  electrons. 

The  stable  configurations  in  the  adiabatic  potential  surface  are  calculated  exactly  for  the  electronic  ground  and 
excited  states  which  are  classified  by  the  total  electron  spin.  Some  of  the  results  are  as  follow: 

For  n=0  (8),  there  is  only  one  possible  state  which  has  the  T^  symmetry. 

For  n=\  (7),  the  stable  state  is  either  symmetric  F  (an  electron  is  delocalized),  where0,  =q^=q^  =  q^  (Tj 
symmetry)  or  asymmetric  S  (an  electron  is  self  trapped  such  that  Q  >  02  =03  =  l24»  C3v),  and  it  changes  as  a 
first-order  transition  at  5'/r=6.0. 

For  n=2  (6),  the  spin  triplet  states  always  show  an  asymmetric  distortion,  such  thatg,  =q^>q^  =  q^  (C2v)  except 
for  S=0.  For  the  singlet  states,  if  T  is  large  enough  the  symmetric  state  (Syni.,Td)  is  stable,  where  two  electrons 
have  equal  amplitudes  at  each  site.  With  increasing  U  and/or  5,  structural  changes  take  place.  If  U>S»T,  two 
electrons  are  localized  at  different  sites  repelling  each  other  such  that  0i  =  02  >  03  =  04,  (Dimer.,  C2v)-  If  U-S»T, 
the  charge  transfer  state  (1)  (C.T.l,  C3v)  becomes  stable,  where  two  electrons  are  weakly  localized  around  one 
site  (such  that  q^>q^=q^  =  q^).  If  S>U»T,  the  charge  transfer  state  (2)  (C.T.2,  C3v)  becomes  stable,  where 
two  electrons  are  strongly  localized  at  one  site  (such  that  0i  »  02  =  =  04)- 

We  also  discuss  the  structural  changes  and  relaxation  processes  of  the  defect  induced  by  an  intra-defect  excitation 
(/2=constant,  ground0excited)  or  a  carrier  trapping  (/20/2+  1). 
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The  technology  of  minimizing  electric  devices  has  demanded  much  finer  prediction  for  the  three  dimensional 
distribution  of  dopants  implanted  into  crystals.  Conventionally  the  three  dimensional  ion  distribution  is  examined 
in  terms  of  longitudinal  or  lateral  spread.  For  predicting  longitudinal  distribution,  reliable  measures  have  been 
well  established.  For  example,  SIMS  and  RBS  from  experimental  viewpoint,  LSS  from  theoretical  one,  and 
MALROWE  and  TRIM  from  computational  one.  On  the  contrary  only  a  few  experiments  allow  to  measure 
lateral  distribution.  Tomography  technique  by  Fink  et  al.,  SEM  by  Gong  et  al.,  and  micro-RBS  by  Takai  et  al. 
provided  contour  maps  showing  equi-concentration  lines  on  vertical  cross  section  in  the  bulk  as  well  as  simulations. 

The  distribution  function  for  the  lateral  spread  has  been  supposed  to  be  a  gaussian.  In  the  case  of  amorphous 
targets,  Lorentz  et  al.  showed  [1]  that  the  standard  deviation  or  the  lateral  straggling  of  the  gaussian  function  is 
not  invariant  but  depend  on  depth,  using  Monte-Carlo  simulation.  This  work  clarified  the  importance  of  the 
microscopic  lateral  straggling  which  depends  on  depth,  while  the  macroscopic  one  being  a  constant.  In  the  case 
of  crystalline  targets  [2],  we  derived  an  expression  for  the  microscopic  lateral  straggling  as  a  function  of  depth, 
with  parameters  depending  both  on  incident  energy  and  incident  angle.  In  principle,  this  function  could  reproduce 
the  two  dimensional  distribution  of  dopants  in  a  masked  target,  using  error  functions  related  to  the  window  size. 

The  estimation  of  the  edge  effect  is  performed  by  integrating  the  concentration  of  dopants  under  mask.  However, 
this  assumption  becomes  unrealistic  with  increasing  the  fluence,  because  the  mathematical  integration  implies 
to  superpose  the  local  concentration  of  ions  regardless  the  influence  of  defects  produced  by  previously  implanted 
dopants.  In  fact  a  high-density  area  might  be  locally  allowed.  In  order  to  calibrate  our  results  obtained  by  low- 
fluence  simulation,  we  refer  the  result  of  the  TRIDYN  code  [3]  including  high-fluence  effect.  Although  TRIDYN 
itself  is  originally  used  for  one  dimensional  analysis,  it  considers  the  dynamical  relaxation  process  during  sequential 
ion  bombardment.  The  key  of  discussion  is  thus  to  what  extent  the  dynamical  relaxation  should  be  considered. 

[1]  J.  Lorentz,  W.Kruger,  and  A.Barthel,  “Proc.  of  6th.  NASECODE”,  ed.  by  J.J.H.Miller,  513  (1989). 

[2]  S.  T.  Nakagawa,  L.  Thome,  H.  Saito,  and  C.  Clerc,  Nucl.  Instrum.  Meth.  B,  in  press  (1997);  S.  T.  Nakagawa, 

H.  Saito,  L.  Thome,  and  C.  Clerc,  Nucl.  Instrum.  Meth.  B,  in  press  (1997). 

[3]  W.  Eckstein,  “Computer  Simulation  of  Ion-Solid  interactions”  Springer- Verlag,  Berlin,  (1991 ). 
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Shallow  electron  centres  are  associated  with  interesting  properties  in  CdF2:M^^  (M=  Ga,  In)  and  silver  halides. 
The  tri valent  centres  in  CdF2  exhibit  shallow-deep  metastability  and  have  potentials  for  optical  data  storage[l]. 
The  shallow  electrons  associated  with  certain  impurities  (e.g.Cd)  or  interstitial  silver  in  AgBr  and  AgCl  are 
believed  to  play  key  roles  in  the  photo-induced  processes[2]. 

We  have  studied  these  systems  using  a  method  developed  earlier  for  excited  electron  centers  in  insulators[3].  In 
CdF2  we  found  that  the  deep  level  (compact  state)  is  separated  from  the  shallow  level  (diffuse  state)  by  a  small 
potential  barrier  and  the  estimated  changes  of  the  optical  refractive  index  between  the  deep  and  shallow  states 
are  in  qualitative  agreement  with  experiment. 

We  also  report  on  our  preliminary  work  of  the  shallow  electron  centres  in  silver  chloride  and  silver  bromide.  The 
systems  considered  ar^the  electrons  trapped  at  an  interstitial  silver,  the  normal  as  well  as  the  so-called  split,  and 
at  a  substitutional  Cd  centre.  The  electron  is  in  a  diffuse  state  and  the  surrounding  lattice  is  substantially 
relaxed.  Possible  mechanisms  for  the  observed  anomalous  heat  generation  in  photo-excited  silver  halides[2]  are 
investigated. 

[1]  A.  L.  Ryskin  et  al.,  Appl.  Phys.  Lett.  67,  31  (1995) 

[2]  Y.  Kondo,  I.  Goto,  N.  Sakaida,  Phys.  Rev.  B15,  (April,  1997) 

[3]  K.  S.  Song,  R.  T.  Williams,  “Self-Trapped  Excitons”,  second  ed.,chapter  2  (Springer  Verlag,  Heidelberg,  1 996) 
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Cubic  Boron  Nitrate  (c-BN)  is  a  large  band-gap  material  (-  6.4  eV)  with  several  physical  properties  similar  to 
those  of  diamond,  but  can  be  n-  and  p-type  doped,  while  diamond  is  only  p-type.  It  could  be  an  important 
material  for  devices  at  high  temperature  and  high  pressure. 

The  aim  of  this  work  is  to  obtain  a  comprehensive  explanation  for  the  the  behavior  of  native  defects  in  c-BN. 
Particularly,  we  are  interested  in  the  structural  and  electronic  properties  of  N-vacancy,  B-antisite,  C-interstitial 
and  0-substitutional.  We  have  performed  an  ab-initio  all  electron  Hartree-Fock  calculation,  not  using  an  effective 
potential  for  the  core  electrons.  The  crystal  was  simulated  by  a  molecular  cluster  with  71  atoms. 

We  found  for  the  neutral  isolated  boron-antisite  a  Jahn-Teller  distortion  in  the  <1 1 1>  direction.  The  fully  occupied 
e-level,  with  ligand  character  (jr-type),  is  located  4,81  eV  above  the  top  of  the  valence  band. 

For  the  N-vacancy  we  discuss  in  detail  the  formation  of  the  F-center  in  c-BN  and  compare  with  the  same  center 
in  wurzite-BN.  We  also  discuss  the  role  played  by  carbon  atoms  in  the  formation  of  F-centers. 
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Aluminum  nitride  (AIN)  films  in  the  thickness  range  between  15  A  to  2  pm  were  tested  for  different  transport 
models  and  for  the  possible  role  of  deep  defects. 

The  films  were  deposited  by  reactive  sputtering  in  an  Ar/N2  plasma  of  an  A1  (with  1  %  Si,  and  0.5%  Cu)  target  at 
room  temperature.  Usually  the  AIN  insulator  films  were  sandwiched  between  ferromagnetic  layers  to  study 
magnetoresistance  effects  in  tunnel  junctions.  The  small  amount  of  Cu  serves  as  barrier  against  electromigration. 
For  the  purpose  of  testing  transport  models  we  also  used  glass  substrates  that  were  coated  with  a  semitransparent 
Co  bottom  layer.  The  sandwich  structure  was  terminated  with  a  Cr  top  contact  layer  deposited  by  electron  beam 
evaporation. 

From  optical  transmission  measurements  in  the  UV  and  visible  spectral  range  and  from  highly  sensitive 
photothermal  deflection  spectroscopy  we  deduced  a  broad  absorption  band  in  the  visible  that  could  be  due  to 
intrinsic  or  copper-related  defects  in  the  insulator. 

I-V  characteristics  were  measured  in  perpendicular  direction  from  room  temperature  down  to  20  K,  while  limiting 
the  current  to  some  ten  mA/cm"^.  I-V  curves  of  thin  films  with  thicknesses  below  about  30  A  nominal  thickness 
are  well  described  by  the  tunneling  model  with  an  effective  barrier  height  varying  between  1.5  and  3.5  eV.  The 
fit  value  for  the  thickness,  however,  was  systematically  smaller  than  the  nominal  value,  indicating  some  interface 
roughness.  The  temperature  dependence  was  very  weak,  confirming  tunneling  transport  as  a  main  transport 
mechanism. 

Thicker  AIN  layers  could  be  more  easily  fitted  to  a  Poole-Frenkel  process  that  is  based  on  reemission  of  deeply 
trapped  carriers.  We  suppose  that  a  iarge  number  of  defects  of  yet  unknow-n  nature  is  responsable  for  the 
particular  voltage  and  temperature  dependence  observed  in  thick  films. 

A  confirmation  of  thle  hypotheses  of  defect  related  transport  through  the  AilV  films  comes  from  the  results  of 
sweep-out  experiments.  In  this  technique  defects  are  charged  (discharged)  by  applying  short  voltage  pulses  and 
emptied  (filled)  by  reversing  the  bias.  From  the  observed  current  transients  we  estimated  the  energy  depth  of  the 
defects  involved  to  lie  more  than  0,8  eV  below  the  transport  path. 
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The  nonradiative  multiphonon  recombination  at  deep-defects  in  semiconductors,  which  consists  of  successive 
captures  of  an  electron  and  a  hole,  can  be  described  consistently  only  by  using  a  proper  configuration  coordinate 
diagram  (CCD)  with  many  electron  representation  [1].  During  the  lattice  relaxation  after  an  electron  (hole) 
capture,  an  energy  equal  to  the  thermal  depth  Ethe  (Ethh)  of  an  electron  (hole)  is  converted  to  phonons.  It  has 
been  suggested  that  these  transient  vibrations  enhance  the  following  capture  and  also  defect  reactions  [1,2]. 

We  study  theoretically  the  dynamics  of  the  transient  lattice  vibration  induced  by  successive  carrier  captures  by 
a  deep-level  defect.  The  time  evolution  of  the  normal  phonon  modes  {quif)}  are  calculated  exactly:  each 
oscillates  harmonically  around  or  depending  on  which  type  of  carrier  has  been  captured.  The  interaction 
mode,  Q  (the  abscissa  of  the  CCD  in  Fig.l),  is  not  a  normal  mode  but  a  linear  combination  of  many  normal 
modes  {qk)  of  different  frequencies  {co^}.  Then,  after  each  capture,  Q{t)  shows  a  damped  oscillation  around 
0=0  otQ  in  a  period  -27c/Aa),  where  Aw  is  the  width  of  the  frequency  distribution.  An  electron  (hole)  can  be 
athermally  captured  just  when  Q{t)  crosses  Qq  (0h)»  the  intersection  of  two  adiabatic  potentials.  Thus  the  carrier 
captures  and  the  transient  lattice  vibration  are  highly  correlated  processes  (capture  enhanced  capture),  which 
depend  on  the  carrier  densities  and  *^be  capture  cross  sections  Gq  and  a^,  the  activation  energies  Eact 
Eact  »  ^^d  the  frequency  distribution  Aw  of  phonons. 

If  several  pairs  of  electrons  and  holes  are  captured  within  a  short  period  ~27t/Aw,  the  amplitude  of  the  interaction 
mode  0(0  increases  remarkably,  and  it  may  overcome  the  potential  barrier  for  a  defect  reaction  [2].  More  than 
the  band  gap  energy  Eo~Ei\^+  Ejj^  can  be  used  for  this  phonon  kick  mechanism. 

[1]  Y.  Shinozuka:  J.  Phys.  Soc.  Jpn.  51,  2852  (1982);  Jpn.  J.  Appl.  Phys.  32, 4560  (1993). 

[2]  H.  Sumi:  Phys.  Rev.  B29,  4616  (1985);  J.  Phys.  C17,  6071  (1984). 
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The  optical  spectra  of  GaP:Co  in  the  spectral  region  of  the  lowest  d-d  transitions  are  dominated  by  the  zero- 
phonon  line  (zpl)  at  4509.2  cm '  measured  in  photolu^inescence  (PL)  and  optical  absorption.  This  zpl  is  dge  to 
the  A2C->  T2  transition  of  substitutional  isolated  Co  .  On  GaP:Cp  samples  containing  about  1  to  3  xlO  cm 
’■  sulphur,  additionally  two  zpls  have  been  found  at  3976.3  cm  '  and  3966.4  cm  ’  in  PL.  The  first  one  is 
measured  in  optical  absorption  also.  The  splittings  and  shifts  of  the  PL  line  at  3976  cm  '  under  uniaxial  stress 
reveal  that  it  belongs  to  a  centre  with  trigonal  symmetry.  In  the  electron  paramagnetic  resonance  (EPR)  spectrum 
of  such  samples  besides  the  intense  and  slightly  anisotropic  resonance  line  at  g  =  2.164^ue  to  isolated  Co  ^  oa 
,  a  less  intense  angular  dependent  spectrum  is  detected.  This  spectrum  is  caused  by  a  Co  -  centre  with  trigonal 
symmetry.  From  the  angular  dependence  the  spin-Hamiltoni^n^parameters  gn  =  2.162,gx  =  2.164,  and  IDI  =  5.0 
cm '  are  derived.  The  splitting  of  the  ^2  ground  state  of  Co  by  the  trigonal  crystal  field  component  together 
with  spin-orbit  coupling  amounts  to  2D  =  10  cm '  ’  This  value  coincides  with  the  distance  of  the  two  PL  lines, 
which  can  be  assigned  to  the  cold  lines  originating  from  the  lowest  level  of  the  excited  T2  state  and  terminating 
in  the  twp^ground  state  levels.  Therefore,  both  optical  and  EPR  results  can  be  consistently  interpreted  as  caused 
by  a  Co  Ga-Sp  nearest  neighbour  pair  defect. 
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For  many  years,  spin-dependent  transport  measurements  have  been  limited  to  elemental  semiconductors,  mostly 
silicon,  with  only  a  few  reports  on  applications  to  compound  materials.  Recently,  the  technique  has  been 
successfully  extended  by  several  groups  to  the  investigation  of  III-V  materials,  most  notably  GaAs  and  GaN. 
However,  the  studies  have  concentrated  on  the  identification  of  specific  recombination  channels,  making  use  of 
the  significantly  increased  sensitivity  of  this  method  as  compared  to  conventional  ESR.  Little  work  has  been 
performed  to  understand  the  physics  of  this  technique,  with  the  ultimate  goal  of  extracting  spin  densities  from 
measurements  of  electrically  detected  magnetic  resonance. 

Several  theoretical  descriptions  of  spin-dependent  recombination  exist.  The  two  extreme  cases  among  them  are 
the  Kaplan,  Solomon  and  Mott  model  invoking  the  formation  of  a  spin  pair  and  the  Lepine  model,  which  assumes 
interaction  solely  via  the  polarisation  of  the  ensembles  of  the  reaction  partners.  Both  models  make  predictions 
on  temperature  and  microwave  frequency  dependence  of  the  resonant  conductivity  change  Aa/a.  Varying  the 
temperature  over  an  extended  range  to  test  the  predictions,  however,  can  result  in  changes  of  the  dominant 
transport  processes  which  can  mask  the  relevant  behaviour  of  the  spin-dependent  recombination.  The  extension 
of  EDMR  to  III-V  materials  and  the  realisation  of  EDMR  at  frequencies  other  than  9  GHz  allows  such  more 
fundamental  studies. 

We  will  present  comparative  experiments  on  the  dependence  of  EDMR  on  the  microwave  frequency  used  for 
the  experiments  (434  MHz,  9  and  34  GHz).  To  be  able  to  properly  take  into  account  saturation  effects,  the 
measurements  have  been  performed  over  up  to  5  orders  of  magnitude  in  microwave  power.  By  comparing  the 
results  obtained  on  Cgo?  a-Si:H,  GaN  and  GaAs,  the  effect  of  spin-orbit  coupling  on  the  mechanism  of  EDMR 
will  be  discussed  in  detail. 
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A  role  of  intrinsic  defects  in  the  semiconductor  technology  is  well  known.  Their  influence  on  the  matter  properties 
was  clearly  demonstrated  in  the  silicon  technology,  while  the  defect  behaviour  in  III-V  compound  was  not 
received  the  adequate  study.  The  diffusion  is  one  of  the  most  suitable  process  for  a  study  of  the  defect  behaviour. 
We  believe  that  the  initial  diffusion  stage  (IDS),  establishment  stage  at  which  temperature  of  the  system  rises 
from  room  temperature  to  final  temperature  corresponded  to  temperature  of  steady-state  diffusion,  being  the 
most  non-equilibrium  diffusion  stage,  is  responsible  for  the  defect  behavour.  It  should  be  noticed  that  IDS  has 
been  as  yet  little  studied. 

Our  investigations  on  the  InP,  GaAs,  and  InGaAs  layers  doped  with  zinc  showed  that  the  Zn  diffusion  at  IDS 
was  accompanied  by  a  very  intense  defect  formation  with  a  large  depth  of  defect  penetration.  Moreover,  this 
process  stimulated  a  very  deep  penetration  of  the  part  of  the  electrically  active  Zn  even  at  IDS.  This  penetration 
was  found  to  begin  at  a  low  temperature.  For  example,  the  Zn  atoms  with  a  concentration  of--  10  cm  *^  were 
introduced  in  InP  in  a  depth  of-  1  mm  at  IDS  in  several  seconds  at  a  temperature  of  about  375°C,  while  a 
concentration  of  the  electrically  inactive  Zn  was  10  "^-10  cm*^  in  the  near-surface  region.  At  the  same  time,  a 
fast  relaxation  of  the  created  defects  was  taking  place  as  the  temperature  rose. 

Moreover,  the  comparative  investigations  of  the  Zn  atoms  and  defect  distribution  profiles  after  IDS  and  the 
steady  state  diffusion  allowed  the  temporal  evolution  of  the  intrinsic  defects  to  be  tracked  during  the  diffusion 
process.  The  importance  of  IDS  was  demonstrated  to  understand  the  defect  and  impurity  behaviour. 
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We  present  the  first  findings  of  the  electroluminescence  from  ultra-shallow  p-n  junctions  which  have  been 
prepared  using  low  temperature(900°C-l  100°C)  phosphorus/  boron  diffusion  into  diamond  and  6H-SiC  wafers. 

Dopant  diffusion  in  semiconductors  is  known  to  be  amenable  to  control  by  adjusting  the  fluxes  of  self-interstitials 
and  vacancies  emerging  from  the  monocrystalline  surface.  Use  of  thin  oxide  overlayers  deposited  on 
semiconductor  wafers  in  combination  with  high  diffusion  temperatures  has  been  found  to  result  predominantly 
in  the  generation  of  self-interstitials  by  the  oxidized  surface,  and  hence,  in  increased  rates  of  impurity  diffusion 
by  the  kick-out,  while  vacancy  diffusion  mechanisms  are  associated  with  thick  oxide  overlayer  or  polycrystalline 
silicon  layers  and  low  diffusion  temperatures.  Therefore,  the  present  work  was  aimed  at  the  realization  of  the 
diamond  and  SiC  planar  p-n  junctions  using  thick  oxide  overlayers  and  polycrystalline  layers  in  combination 
with  phosphorus/boron  low  temperature  diffusion  which  are  responsible  for  the  domination  of  vacancy  diffusion 
mechanisms. 

The  diffusion  experiments  involving  phosphorus  and  boron  diffusion  were  performed  from  gas  phase  at  1 100°C 
and  900°C  into  p-type  diamond  and  n-type  6H-SiC  wafers.  Thick  oxide  overlayer  on  the  working  and  back  sides 
of  the  6H-SiC  wafer  were  previously  prepared  using  the  pyrolisis  of  silane,  whereas  the  diamond  wafer  was 
covered  by  a  thick  polycrystalline  silicon  layer.  Diffusion  profiles  obtained  were  controled  using  the  SIMS 
technique. 

The  use  of  thick  oxide  overlayers  and  polycrystalline  layers  is  demonstrated  to  make  it  possiible  the  formation 
of  both  p'^'n  and  n'^'p  junctions  in  large-band-gap  semiconductors.  The  direct  I-V  characteristics  exhibit  classical 
type  of  the  6H-SiC  and  diamond  p-n  junctions  and  reveal  lateral  quantum  wells  and  crystallographically -oriented 
quantum  wires  inside  both  p"^  and  n  -  ultra-shallow  diffusion  profiles.  These  large-band-gap  nanostructures  are 
shown  to  cause  high  electroluminescence  efficiency  of  p-n  junctions  obtained,  which  is  also  exhibited  for  silicon 
nanostructures  prepared  using  the  same  technological  techniques  at  800°C  . 
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Recently,  positron  annihilation  has  been  applied  to  the  investigation  of  porous  silicon  [1].  Anew  observation  is 
that  vacancy  clusters  exist  in  the  SiO^  layer  covering  the  Si  nanocrystallites  as  deduced  from  the  presence  of  a 
400-500  ps  lifetime.  The  vacancy  clusters  in  turn  affect  the  amount  of  positrons  which  can  escape  into  the  pores 
where  they  form  positronium  whose  annihilation  is  very  sensitive  to  surface  defects  and  adsorped  gases. 

Heat  treatments  in  argon  up  to  1 170®C  led  to  the  following  modifications:  A  mass  increase  of  the  film  of  17% 
takes  place  between  300  and  500°C  (as  determined  by  the  positron  experiments)  and  the  vacancy  cluster 
concentration  increases  by  a  factor  of  three.  Both  these  observations  are  interpreted  to  arise  from  incorporation 
of  oxygen  during  H  effusion. 

Above  500°C  no  further  oxygen  uptake  can  be  found  but  between  600°C  and  1170°C  the  vacancy  cluster 
concentration  decreases  steadily  which,  above  900°C,  involves  vacancy  migration.  At  1 170°C  only  a  third  of  the 
originally  present  vacancy  clusters  remain.  Positronium  is  located  predominantly  in  the  pores  up  to  «900®C, 
indicating  very  few  surface  traps,  but  above  this  temperature  traps  are  formed  and  positronium  becomes  located 
at  the  surface.  Structural  disintegration  of  the  porous  film  is  observed  above  900"^  C  . 

[1]  S.  Dannefaer,  D.  Kerr,  D.  Craigen.  T.  Bretagnon,  T.  Taliercio  and  A.  Foucaran.  J.  Appl.  Phys.  79, 91 10  (1996). 
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Knowledge  about  the  vibrational  properties  of  centres  containing  light  impurities  like  H,  C  and  O  in  Si  provides 
a  powerful  tool  for  investigating  their  atomic  structures.  Information  about  defect  vibrational  modes  can  be 
obtained  in  several  ways,  and  the  one  most  extensively  used  for  this  purpose  has  been  mid-infrared  absorption 
spectroscopy.  Alternatively'  the  vibronic  properties  of  defects  can  be  explored  by  photoluminescence  spectroscopy 
which  in  many  cases  has  several  advantages  in  comparison  with  absorption  spectroscopy.  For  example,  often  it 
provides  much  higher  sensitivity  in  terms  of  defect  concentration,  especially  for  the  centres  having  local  modes 
with  energies  located  within  the  intensive  lattice  absorption  band.  Also,  it  provides  a  more  effective  way  for 
identifying  different  modes  belonging  to  the  same  centre  and  for  establishing  defect  symmetry  by  applying 
external  field  perturbations  on  electronic  transitions. 

The  results  of  recent  photoluminescence  investigations  will  be  reported  which  demonstrate  the  above  advantages 
in  the  case  of  several  carbon,  C-H  and  C-H-O  related  centres,  created  in  irradiated  silicon  after  annealing  at 
tempeartures  up  to  600®C.  New  vibrational  features  have  been  observed  for  several  defects,  including  the  well 
known  double  carbon  (G-line)  and  carbon-oxygen  (C-line)  centres.  It  has  been  found  that  many  complexes 
appearing  at  different  temperatures  exhibit  similar  or,  in  some  case,  almost  the  same  local  mode  vibrations, 
which  suggests  that  some  parts  of  their  structures  have  similar  atomic  compositions.  This  reveals  the  links 
between  relatively  simple  and  more  complex  centres  and  allows  their  transformations  to  be  monitored  at  different 
stages  of  the  thermal  treatments. 
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